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ABSTRACT 
Repair and trengthening of exi t ing reinforced concrete ( RC )  tructure has 
increa ed dra t ical l  in recent year . hear reinforcement in RC beam is typical ly of a 
mall  bar diameter, and hence any hear-damage would re ul t  in a severe safety hazard 
and a cata trophic mode of fai lure e pecia l ly  under extreme loading events . The pre ent 
work \ a ini t iated to the effectiveness of different composite strengthening systems; 
namely e temal ly bonded carbon fiber reinforced polymer ( EB-CFRP), and near surface 
mounted glass fiber reinforced polymer ( NSM-GFRP)  to prolong the functional serv ice 
l i fe of RC beams pre-damaged in  shear. It compri sed experimental testing and analyt ical 
inve tigation. 
The e perimental work was conducted 0 er two phases. Phase I comprised testing of 
12 concrete T -beams with corroded st irrups trengthened in  shear with EB-CFRP and 
SM-GFRP systems. Test parameters included level of corrosion damage in st inllps and 
extemal shear reinforcement ratio  used for strengthening. The reduction in shear capacity 
attributable to corrosion of t irrups was found proportional to the reduction in  the stiDllps 
cros section area. At st irrups corrosion of 8% cro s sect ion loss, both shear 
strengthening systems compensated the reduction in shear capacity and also provided an 
addit ional increase over the capaci ty of a control undamaged beam. At stirrups corrosion 
of 15°'0 cross section loss, only the higher amounts of extemal composi te hear 
reinforcement in both systems could restore the shear capaci ty of the corroded beams. 
The effectiveness of us ing E B-CFRP system with mechanical end anchorage to 
retrofit severely shear-damaged RC beams with low compressive strength was examined 
111 pha e I I. total of 1 4  te t were performed on eight RC beam with a T-shaped 
ect ion .  To represent a e ere damage c ndition, fi e beam were te ted to fai lure , 
repaired and trengthened, then rete ted to fai lure for a econd time. Test parameters 
included the presence of damage number of E B-CFRP layer , and type of end anchorage 
tern. Te t re u l t  demonstrated that retrofitting of se erely shear-damaged RC beams 
w i th E B-CFRP composite and proper mechanical end anchorage can fu l ly restore the 
original hear capaci ty of the damaged beams. The use of a sandwich compo i te panel 
an horage y tem in combination with a threaded anchor rod inse11ed through the entire 
\ eb width ( thru-bol t )  as end anchorage system was more effecti e than using the panel 
with ide powder-actu ated fastener . Increasing the number of EB-CFRP layers did not 
resul t  in addi tional gain in  hear capaci ty .  
In  the ana lytical tudy, the accuracy of four different international 
guidel ines! tandards namely; the American ACI 440 . 2R  (2008) European jib TG 9.3 
(200 1 ), I ta l ian C R-DT200 ( 2004), and Austral ian H B  305 (2008), were demonstrated 
by comparing their predictions to the expeli rnental resul ts .  The val idity of other 
analytical models  publ ished in the l i terature to predict the contribution of external 
compo i te reinforcement to shear resistance was a lso examined. General conclusions of 
the work along witb recommendations for future s tudies and developments on structural 
performance of RC beams strengthened in shear were documented. 
Keywords: concrete, corrosion FRP composi tes, pre-damage, shear, strengthening. 
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C H A PT E R  1 :  I NT RO D U CT I ON 
1 . 1  [ n t rod u ct ion 
Repair and trengthening of exi t ing reinforced concrete ( RC)  structures has 
in rea ed dra t ica l ly  in recent year . Structural strengthening is  typical ly needed due 
exce ive loading, inadequate maintenance, and/or exposure to adverse environmental 
condit ion . Shear reinforcement in RC beam is typical 1y of a smal l  bar diameter, and 
hence any hear-damage would re u l t  in a evere afety hazard and a catastrophic mode 
of fai lure especia l ly under extreme loading events. 
In the last tv 0 decade fiber reinforced polymer ( F RP)  compo ites have emerged 
as promi ing strengthening/retrofitt ing materia ls .  However it is important to have 
ufficient knowledge on performance of different FRP strengthening techniques . FRP 
reinforcement are a ai l ab le in  form of circular and rectangular rebars or  strips made by 
pul tru i on ,  or in the form of fablics made with fibers in one or d ifferent directions mixed 
\\' i th resin  during wet lay-up appl ication. Carbon ( C ), glass (G )  and aramid (A)  are the 
main fiber which compose the fibrous pha e of the composite reinforcement, while in 
rno t case epoxy-ba ed matrix is used to bind the fibers together. FRP materia ls  can be 
bonded to the exterior of concrete structures using h igh trength adhesives to provide 
additional reinforcement thus supplementing the avai lab le internal reinforcement. In 
addit ion to external bonding, the FRP reinforcement can be inserted into grooves pre-cut 
on concrete surface in an appl ication cal led near surface mounting ( SM)  ( Szabo and 
Balazs 2007) .  
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1 . 2 hear  t re i n  Concrete M ember 
A beam re i t load primari ly by mean of intemal moments (M) and hears ( V) . 
In the de ign of reinforced concrete ( RC)  member , fle ure i u ual ly con idered first, 
leading to the i ze of the section and the an-angement of reinforcement to provide the 
nece ar moment re i tanc . Limit are placed on the amount of flexural reinforcement 
giving waming in fai l ure case. The beam is then proportioned for shear. Because a shear 
fai lure i frequent ly udden and bri t t le ,  the design for shear must ensure that shear 
strength equal, or exceeds flexural strength at a l l  sections a l l  over the bean span. 
hear fai lure in RC beams take p lace under combined stresse result ing from an 
app l i ed hear force bending moments and where app l icable axia l  loads and torsion. 
Becau e of the non-homogeneity of the materia l ,  non-uniform ity and non- l inearity in the 
materia l  re ponse, presence of cracks, presence of reinforcement, etc . ,  the beha ior of 
reinforced concrete in  hear i s  relat ively complex ( MacGregor and Wight 2005) .  
RC beam strengthened i n  shear using FRP show complex behavior. Both shear 
strength and fai lure mode are i nfluenced by many factors such as size and geometry of 
the beam, strength of concrete, internal shear and flexure reinforcements, loading 
condit ion , method of strengthening and properties of FRP.  The nominal shear strength of 
strengthened beams VII is typical ly  calculated using the fol lowing expression. 
( 1 . 1  ) 
W here Vc== contribution of concrete to shear capacit ies, Vs== contlibution of 
transverse steel and bent-up bars to shear capacity and V.F contribution of F RP 
strengthen ing to shear capacity. The concrete contribution, Ve, takes into consideration 
2 
hear re i tance of uncracked concrete under compre ion aggregate interlock and the 
dowel action. The t el contribution, V.5' account for the amount of steel t irrups and 
their yi Id trength. In corroded RC member , cracking/delami tation of concrete cover 
\ .... ould reduce the concrete contribution to hear re i tance, Vc. The stirrups contribution 
to hear re i tance, r �\, is affected by corro ion due to the reduction in the st irrups cross 
ectlOn area. The concrete and teel contributions, Vc and Vs, are calculated according to 
provi ions in different e ' ist ing code . Howe er the main difference between the 
avai l ab le models  hes in the evaluation of the FRP contribution, Vf Different analytical 
fOffi1ula and code equation that calculate the FRP contribution to shear capacity, Vi, are 
a ai lable in  the l i terature. 
1 .3 Type of Damages in Concrete Beams 
Reinforced concrete members are exposed to different types of damage and 
defect . These damages could everely  affect the safety and erviceab i l i ty of the 
structure. Types of deficiencies could be classified according to their cause as fol lows: 
• Member defects :  
o Design defects 
o Matelia ls  defect 
o Con truction defects 





• emb r deterioration : 
o Cono ion 
o Ero ion 
o Freezing and tha\ ing 
o Alkal i  aggregate reaction CAAR) 
o u lfate attack 
ever accidental hear damage by over-height vehicles to RC bridge girders i s  a 
common problem facing bridge maintenance departments worldwide. Sever shear 
damage may also occur in RC bridge girders due to overloading by over-weight trucks or 
under extreme events such as a sudden earthquake. The common practice in such cases is  
to aw-cut the deck remove the girder and replace with a new one. Complete 
replacement i very cost ly and t ime consuming solution. The long traffic delays during 
replacement would resul t  in safety hazards and large financial burdens with negative 
economical and psychological impacts on bridge users. Hence, there i s  a need for a fast, 
cost effective, and ea y to insta l l  repair and strengthening solution, such as extemally­
bonded carbon fiber reinforced polymer ( E B-CFRP) system, for severely-damaged RC 
bridge girders i nstead of the complete rep lacement option. Figure 1 . 1  shows typical 
damages due to impact and earthquake. 
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Figure 1 . 1 :  Impact and earthquake damage 
1 .4 Accelerated Corro ion 
Corrosion i a natural ly  OCCUlTing t ime dependent process . However, for research 
purpo e accelerated corrosion by means of impres ed current technique is typical ly  used. 
Corro ion of reinforcing teel i a major problem facing the reinforced concrete 
tructures. M any tructure in ad erse en ironments have experienced unacceptable 10 s 
i n  erviceab i l ity or afety far earl ier tban anticipated due to corrosion of reinforcing teel 
and thu need replacement, rehab i l i tation, or trengthening. Corrosion presents a problem 
for RC tructures for nvo reason . F irst as steel corrodes, there i s  a corresponding drop in 
tbe cross- ectional area. Secondly, the corrosion products occupy a larger volume than 
tbe Oliginal teel which exert substant ial tensi l e  forces on the sUlTounding concrete thus 
causing cracking and spal l i ng which would reduce structural bond beween steel and 
concrete. 
The mechanism of cOlTosion i s  genera l ly accepted to be electrochemical in  nature. 
Steel in concrete i normal ly  protected from corrosion by a passive film of i ron oxides on 
the steel resul t ing from the alkal ine environment of the concrete. Passivation of the steel 
may be destroyed by carbonation or by chloride attack. Once the passive fi lm breaks 
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d \\'n corro i n wi l l  tart .  Four key element mu t be pre ent for an electrochemical 
COlT ion cell to b � rm d:  
• An anode, where i ron, Fe2+, i removed from the steel ( iron oxidation ), 
• cathode \\ihere hydroxyl ion , OH are produced ( 0  ygen reduction),  
• n electrical condu tor, for charge (e lectrons)  transfer to occur, and 
• An electrolyte ( aqueou medium), for ion transfer to occur and complete the 
corro ion cel l .  
During corro ion o f  steel i n  concrete chemical reactions occur on the steel surface in 
the anodic and cathodic region . At the anode, iron i ox idized and two electrons are 
r lea ed a fol low : 
( 1 .2 )  
The anode and cathode must b e  connected electrical l y  so that the electrons 
relea ed at the anode can tran fer to the cathode at which oxygen is reduced by the 
e lectron and hydroxyl ion , OH, are produced as fol lows : 
(1 .3 )  
Subsequentl y, the hydroxyl ions, OH, transfer to  the anode by  diffusion tlu·ough 
water in the concrete which acts as an electro lyte to complete the corrosion cel l .  Figure 
1 .3 hows a corrosion cel l i n  concrete. 
Figure 1 . 2 :  Corrosion cel l  in  concrete ( El Maaddawy 2004 ). 
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OITO Ion cel l  in  teel reinforced concrete can occur a microcel l  leading to 
uni form iron remo al or a macr cel l  cau ing local iron remo al  or pitt ing cono ion. 
Figure 1 . 3 (a )  and 1 .3 (b )  how chematic of  microce l l  and macro cel l type of cono ion, 
re p ctively. 
icrocel l  type of  cono ion i unifom1 cono ion genera l ly cau ed by carbonation 
of the concrete over a wide area. This leads to the fOlmation of so-ca l led microcel ls, 
consi t ing of  pair of immediately adjacent anodes and cathodes as shown in Figure 
1 .3 (a) .  The e e l l  are micro copic in s ize, so that external ly they appear to produce 
unifonn remo a] of the tee l .  
Macrocel l nom1al ly  occur in  the case of chloride-induced cono ion. They consi t 
o f  anodica l ly acting areas, nom1al ly where the critical chloride content i s  reached, and 
l arge cathodes which vary in location from being next to the anodes or to being at a 
d istance of  a few meters. E 'amples of  different types of  macrocel l s  are shown 
chematical l y  in F igure 1 A. ( E I Maaddawy 2004) 
--�" 
'� r r r r r r  � � 
! 1 1 1 1 2(OH 2(OH 2(OH 2(OHf 2(OH 2(OH 2(OHf 
Anode 0 
Cathode _ 





( b )  Macrocell  type of corrosion 
Figure 1 . 3 :  Schematics of micro cel l  and macrocel l types of cono ion (E I  Maaddawy 
2004) .  
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0. H,0 � 
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Q) e' u. Cathode 
Cathode "-Anode' OH OH 
t- - - -< 
0. 0. ° 0 • • 
Hp . O, CI, .Co, HP , O, 
(a) Idealized marocel l  corrosion ( b ) Marocell corrosion at a crack location 
Figure 1 .4 :  Example  of macrocell types of corrosion. ( EI Maaddawy 2004) .  
Accelerated corrosion could be made either natura l ly or  by using an impressed 
current technique.  Inducing cor o ion in concrete under accelerated natural conditions 
can be achieved by pro iding heated air combined wi th a low level sal twater pond or 
praying.  The accelerated natural corrosion act iv i ty is  more sensit ive to air ( oxygen) 
avai l ab i l i ty rather than the moisture content ( Debaiky et aL 2006). Depending on the size 
and type of te t pecimens, the use of frequent spraying of sal twater under high 
temperature would  be the most effective technique to accelerate corrosion ( Debaiky et aL 
2006). 
Inducing corrosion in concrete by means of an impressed current technique could 
be implemented using two methods in  the l aboratory. The potentiostat ic approach which 
maintains a constant voltage potent ia l  between the anode and cathode by varying the 
current, and the galvanostatic approach which keeps the current constant by varying the 
vo ltage potent iaL The most acceptable approach is general ly the galvanostatic approach 
because it provides a more rel iable way to correlate laboratory results with Faraday' s  law. 
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in  the galvano tati approach all of th reinforcing steel becomes anodic ,  and a 
conductive material i u ed as a cathode ( either embedded in the concrete or placed 
extemal l  ) .  The placement of th cathode depend on the cOITosion etup .  Figure 1 . 5 
how typ ical COITO ion damage in RC tructure. 
Corro ion of RC member reduces the bond between steel and concrete. The use 
of h igh cUITent densi t ie to induce cOITosion may increa e the detelioration of bond at the 
teel to concrete interface which could be considered a a disadvantage of using 
impre ed current technique.  The use of h igh cUITent densit ies would  al 0 aggravate the 
OITO ion damage in  concrete and decrease the duct i l i ty of cOIToded steel bars . The main 
advantage of using impre ed current technique to accelerate corrosion i s  that i t  al lows 
reaching h igb level of cOITosion within a reasonable time frame. To better simulate field 
condit ion and avoid the disadvantages of using impressed current technique to accelerate 
COtTO ion a cUITent den i ty l evel lower than 200 )..l cm2 should  be used ( E l  Maaddawy 
2004). 
Figure 1 . S :  Corrosion damage, spal l i ng and delamination of concrete cover ( Shiu and 
tanish ( 2008) .  
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1 .5 Type and  appl i cat ion of Fiber Reinforced Polymer 
Fiber reinforced polymer ( FRP)  ha become a common and a rel iable strengthening 
materia l . Different type of FRP trengthening materials are avai lable which could be 
cIa lfied 1 11tO two main categorie nam ly;  p late and heet . 
P late are rigid FRP strip that are manufactured u ing a proces cal led pul tru ion. 
he t FRP are upp l ied a fie ible fabrics of raw (or pre-impregnated) fibers. The sheet 
FRP  materia l  are appl ied by saturating the fiber wi th  an epoxy resin and l aying-up the 
heet onto the concrete urface. In both of the above appl ications, the FRP materials 
u ed are u ual ly unidirectional ( with al l  fiber oriented along the length of the heet) .  
FRP could be used as extemal reinforcement for RC structure in a wide range of 
appl ications. These appli cations could be summarized as fol lows :  
Flexural Strengthening: In this appl ication, FRP materia ls  are bonded to the 
ten ion and/or side faces of a concrete beam to provide additional tensi le  
reinforcement and to increa e the strength of the member in bending. The fibers 
are oriented along the longitudinal axis of the beam. 
Shear Strengthening: I n  th is  appl ication FRP materia ls  are bonded to the s ide 
face of a concrete beam (often in the fOID1 of U-wraps)  to provide shear 
reinforcement which upplements that provided by the intemal steel stirrups. The 
fibers are oriented perpendicular to the longitudinal axis of the beam. 
Confining Reinforcement: I n  this appl ication, columns are wrapped 111 the 
c ircumferent ia l  direction with FRP  sheets. Under compressive axial load, the 
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column e pand (di late ) l atera l ly and the FRP sheets de elop a ten i le  
" confining" tre s that places the concret in  a tate of triaxial stress . This 
ignificantl increa e the trength and duct i l ity of the concrete and the column. 
The fibers are mo t commonly oriented perpendicular to the longitudinal axis of 
the member. 
F igure 1 .6 :  Carbon FRP heets appl ied as external shear U-wrap reinforcement for a 
concrete bridge girder using the wet lay-up procedure ( I S I S  Canada 2004) .  
Longitudinal grooves 
cut Into soffit 
FRP strips placed 
in grooves 
Grooves fi l led with 
epoxy grout 
Figure 1 . 7: ear Surface Mounted (NSM)  F lexural FRP Reinforcement for a Concrete 
Beam ( IS I S  Canada 2004). 
The present work focuses on the second appl ication which i s  shear strengthening of 
reinforced concrete beams with d ifferent FRP composite systems. 
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1 .6 Propert ie of Fiber Rei n forced Polymers 
FRP mateIial u ed in extemal strengthening appl ications show a ten i le  beha lor 
that are typical !  l inear e l a  tic up  to fai lure, and do not e hibit the yielding behavior that 
1 di played by con entional reinforcing steel demonstrating the sign ificant differences in 
th ten i le b havior of  FRP a compared with tee l .  FRP material genera l ly have a 
much h igher trength than the yield strength of  steel ,  al though they do not yield. The 
train of FRP  at fai l ure i often con iderably less than that of steel. I t  should be 
mentioned that the pecific propertie of d ifferent FRP materials vary a great deal from 
one manufacturer to another and depend on many factors. These factors include the fiber 
and matrix type, the fiber volume content, and the orientation of the fibers within the 
matrix ,  among other factor . 
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Cfl Q) 2000 b 
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Cfl C Q) 1 000 r 
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0 .0 0 . 5 1 .0 
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- - - - - CarboDur H 
Replark HM 
. . . . . . . . . . . .. . .. . 
1 .5 2.0 
Stra in [%] 
2.5  
Figure 1 . 8 :  S tress-strain plots for various FRP strengthening systems ( IS I S  Canada 2004). 
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1 .7 Advantage and  Oi advantages of F R P  
FRP  materia l  u ed in  tructural trengthening ha e a number of  key ad antages over 
other conventional material and/or trengthening ystem uch a concrete jacket ing and 
teel p late bonding. In many cases, the e ad antages make FRPs the only pos ible 
o lution to a strengthening problem. ome of the mo t important advantages include : 
• FRP mat 1ial do not corrode elech-ochemical ly. 
• FRP  materia ls  have extremely high trength-to-weight ratios .  FRP materials 
typ ical ly  "veigh less than one fifth the weight of steel ,  with tens i le  strengths 
that can be a much a 8 to 1 0  t ime as high. 
• FRP  materia ls  are extremely versat i le  and are quickly and easi ly  installed .  
This reduces the downtime required for repair and offsets indirect repair 
cost . 
• FRP materials are e lectromagnetica l ly ineIt. Thi means that they can be u ed 
i n  specia l ized tructures such as bui ldings to bouse magnetic resonance 
imaging ( M R I )  or sen i tive communications equipment ( Bonacci and Maalej 
2000; E l  Maaddawy and Soudki 2005 ; E l  Maaddawy et a1 . 2007; Lee et a! . 
2000; I S I S  Canada 2004; ACT  440 .2R 2008) .  
The primary d isadvantages of  FRP strengthening systems include: 
• Low fire resi stance. 
• Susceptib i l i ty to h igb temperature . 
• Susceptib i l i ty to bond fai lure. 
• Susceptib i l i ty to vandal ism. 
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1 .8 O rga n izat ion of the  Work 
The present re earch v ork In e t igate , e perimental ly and analyt ical ly the 
perf01111anCe of RC beam pre-damaged In shear strengthened with two different 
compo ite y tern namel ; EB-CFRP and S -GFRP.  
l i terature review on hear trengthening of RC beam with both EB-CFRP and 
-GFRP trengthening y tern is presented in Chapter (2 ) .  Research needs along 
with the pecific objectives of the current work conclude the chapter. 
Chapter ( 3 )  pro ide detai led information on experimental program, specimens'  
d imen ions, geometry, and fabrication. I t  a lso includes information on materials 
propert ie and strengthening methodology. A full description of the test et-up 
in  trumentation, contro l ,  and loading procedure i presented in  the same chapter. 
Chapter (4 )  presents  results of the experimental testing and observations. Results 
Include fai l ure modes, hear capaci ty, and deflection response. The load-diagonal tensi le 
displacement acros crack re ponse, diagonal compressive strain response, and FRP 
ten i le  train respon e are reported. Di scussions and comments relevant to the re ults are 
inc luded. 
In Chapter ( 5 ) ,  the accuracy and val id i ty of various analytical approaches by 
different international guidelines and standards and other analytical models  publ i  hed in 
the l i terature by different researchers are examined. A comparative analysis between 
experimental and analyti cal  results is presented and discussed. 
Chapter (6 )  summanze the general conclusions of the work along with 
recommendations for future s tudies and developments on performance of RC beams 
trengthened with FRP  composites. 
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C H A PT E R  2 :  LITERATURE REVIEW 
2 . 1 I n trod uct ion  
l ncrea ing the demand for strengthening of e isting concrete structures require 
more re earch to develop enhanced trengthening techniques. A l arge number of 
tructure that w i l l  be used in  the coming 20 year ha e been already bui l t .  Some of these 
tructure need to be upgraded or replaced because they are in poor condition not only 
du to aging, but a lso due to elTors made during design and/or construction. A lso due to 
the fa t con truction proce s and the inc rea e in the level of comple ity of CUlTent 
tructure , various chal lenge appear in touch for researchers. 
S trengthening of pre-damaged RC member has become a hot spot which rises 
attraction . Temour studies have been conducted regarding strengthening of RC members 
\ i th  fiber reinforced polymers ( F RP) .  Outcomes of the e tudies came up with valuable 
infornlation on the effectivene of FRP composite systems to enhance the tructural 
perfornlance of different structural members. 
This chapter include a review of the avai lable l i terature on reinforced concrete 
beam strengthened in  hear wi th advanced composites. The review focuses on two main 
hear strengthening teclmiques which are external ly  bonded ( E B) and near surface 
mounted SM) .  Different parameters which may influence the effectiveness and 
viabi l i ty of each system is presented. A table summalizing avai lable previous studies on 
each strengthening system is provided at the beginning of the cOlTesponding section. 
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2.2 tud ie on E B- F R P  h ea r  Strengthen ing  . tern 
A large number of re earch tudie have been publ i  hed on the performance of 
concrete member trengthened in hear with EB-FRP system. Re earch studie on the 
subject conducted throughout the la t two decade are summarized in Table 2 . l .  Detai led 
infomlation on the fi r t 20 studies can be found in an art icle by Bousselham and Chaal la l  
( �004). More in-depth re iew and detai led information on the remaining studies that have 
been conducted in the la t decade are presented hereafter. 
Table  2 . 1 :  ummary of previous studies on EB- FRP shear strengthening system. 
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Khal i fa and Nanni ( 2002 ) investigated the shear performance and modes of 
fai lure of imply suppOlied RC beam with a rectangular cross section. The beams were 
designed with shear deficiencies and strengthened with EB-CFRP sy tern . The variables 
investigated included presence of steel st irrups, shear pan-to-effect ive depth ratio aid 
and amount and di stribution of C FRP. Twelve ful l -scale beam specimens with a total 
pan of 3050 mm with a rectangu lar cross- ection of 1 50 mrn wide and 305 mm deep 
were tested. The pecimens were divided i nto two groups one with st inLlps which include 
four beams and the others without st irrups. A l l  specimens were heavi ly reinforced in 
flexure by 2 o .  32 tensi l e  steel and 2 No. 32 compression steel to induce shear fai lure . 
The specimens wi th sti rrup were reinforced with 1 0  mm steel St i lTIlPS throughout their 
entire span. In the shear span of the test region the st irrups spacing was selected to al low 
hear fai lure. In the specimens with no stirrups the beam span was c lear from any 
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t irrups .  The oncrete compr 1 e trength !c
· 
wa 1 9 .3  MPa for the peclmen with 
t J rrup and 27 .5  MPa for pecimens without st i lTUP . Each main group was ubdivided 
into two ubgroup with aid of 3 and 4 .0ne pecimen from each subgroup was left 
wi thout trengthening a a control specimen. The remaining beams were trengthened 
according to three cheme . In the fir t scheme one ply of CFRP U-wrap strips were 
bonded to the beams. i ll the second cherne one ply of continuous CFRP U-wrap was 
bonded p rpendicular to the beam span . The last scheme two pl ies of CFRP were bonded 
to the beam, one p ly as U-wrap continuous CFRP bonded perpendicular to the beam 
pan . The econd p ly wa bonded on the two sides of the specimen with the fiber 
direction paral le l  to the beam axis. The experimental resu lts confimled that the 
trengthening technique u ing CFRP sheet can be u ed to i ncrease shear capacity, with 
efficiency that varie depending on the tested variables. increases in  shear strength of 40-
1 3  0'0 were achieved. The contribution of E B-CFRP reinforcement to the shear capacity 
wa i nfluenced by the aid ratio .  A aid increa ed the strengthening effectiveness 
i ncrea ed. i ncreasing the amount of CFRP may not result  in a proportional increa e in  
shear strength.  The fai lure modes were concrete spl itt ing or  CFRP de-bonding. The test 
resul t  indicated that EB-CFRP strengthening was more effective for beams without 
shear reinforcement than for beams with shear reinforcement. The results also showed 
that the econd ply which was instal Jed horizontal ly on the top of the first U-wrap in  the 
third scheme improved the shear capacity by providing horizontal restraint .  
Pe l legrino and Mondena ( 2002)contributed to the understanding of shear behavior 
of reinforced concrete beams strengthened with EB-CFRP system. The study was 
conducted by testing eleven beams with and without internal shear reinforcement and 
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\\ Ith d ifferent amount of B- FRP hear trengthening. The de ign of the reinforcement 
of the b am \ as can-ied out so that their shear capacity was reached before flexural 
fai lure. The beam ero sect ion wa 1 50 mm width and 250 mm depth. The concrete 
eompre ive trength wa on a erage 29 .5  M Pa.  A l l  beams had shear span to depth of aid 
= 3. id -bonded CFRP configuration which varied from single sheet to triple sheets 
were adopted. The re u l t  of the re eareh pointed out  a general improvement in  terms of 
hear capaci ty for the trengthened beams in the range of 1 9% to 88%. The gain in  shear 
trength depended on the amount of the EB-CFRP sheets, the ratio  between the sti ffness 
of tran ver e teel reinforcement and the st i ffi1ess of CFRP sheets,psl Test results showed 
that the effic iency of the CFRP  shear strengthening decreased not only when the rigidity 
of the CFRP sheet was increa ed, but a lso when the ratio between the amount of 
tran verse steel reinforcement and that of CFRP shear reinforcement was increased. This 
tudy made c lear that de-bonding of CFRP was the dominating fai lure mode in beams 
with s ide-bonded CFRP configurat ion. The fai lure modes of beams without transverse 
teel reinforcement were modified when CFRP sheets were appl i ed .  In fact, whi le one 
plincipal diagona l  crack was present in the shear fai lure mechanism of a beam without 
internal hear reinforcement, a d iagonal cracked area was evident in the shear fai lure 
mechanism of a beam with i nternal shear reinforcement .  As a consequence, when 
transverse steel reinforcement was present, the bond zone between the CFRP sheet and 
concrete developed on a band with several diagonal cracks. It was a lso conclude that the 
u e of end anchors may reduce the probabi l i ty of CFRP de-bonding and hence the 
effectiveness of the EB-CFRP shear strengthening may be strongly increased. 
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ice l l i  et a 1 .  ( 2002) inve t igated the hear performance and mode of fai lure of 
RC T- hap d beam trengthened with EB- FRP.  The ariables considered in this 
e periment were the number of CFRP p l ie u ed for hear strengthening and the end­
anchor y tem. The experim nt consisted of testing 1 2  ful l -scale T- beams isolated from 
d c mmi ioned bui lding by saw cutt ing from the re t of the floor. Concrete compres ive 
trength wa obtained by te t ing e tracted core to be 20.68 M Pa. EB-CFRP was the 
trengthening technique u ed with d ifferent amount and with/wi thout anchoring to the 
flange. The re u l t  obtained showed that the members strengthened with one or two pl ies, 
with and wi thout end anchor , howed fai l ure due to premature peel ing. The results also 
howed that increasing the amount of CFRP  may not result  in  a proport ional increase in 
the hear trength e pecia l ly  if de-bonding of CFRP controls the fai lure. A proportional 
inc rea e in hear capacity with increased amount of CFRP may be achieved when de­
bonding is delayed such a in  the ca e of beam with end anchors. The use of proper end 
anchor ystem showed i ts  effectiveness in increasing the shear capacity of RC beams .  
Adhikary et a 1 .  ( 2004) investigated the  performance of shear strengthened RC 
beam using E B-FRP .  The effect of extending the length of sheet on the top surface of 
the beam to delay or prevent heet de-bonding has been tested. Test variables were the 
type of fibers, the wrapping l ayouts, and the length of bonded anchorage. From the 
experiments resu lts ,  it was confirmed that FRP with bonded anchorage is much more 
effective than the U -wrap scheme. Extending the sheets on a top surface of the beam 
resul ted in a decrease in interface bond stresses and an increase in FRP strain at fai lure. 
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Bou elham and Chaal la l  ( 2004) tudied the parameter that most influence the 
hear beha ior of RC member trengthened with EB-FRP.  They also elaborated on test 
parameter that require further re earch. They founded that the characteri tic of studied 
p cimen v,,'ere l imi t  d to re latively mal l imple rectangular s lender beams. It wa found 
that the parameter related to the propertie  of FRP and to those of the shear steel 
reinforcement were not the only ones having an influence on the shear behavior of RC 
member trengthened with EB-FRP system. The contribution of FRP composites was 
found more ignificant i n  lender beams than in  deep beams (aid < 2 . 5 ) .  I t  was clear that 
the cale effect can ign ificant ly affect re u l t  obtained on smal l  specimen and cannot be 
di regarded. It \ a conclude that experimental data on the behavior of preloaded ( pre­
cracked) members strengthened in shear with EB-FRP system was l imi ted. The study 
showed that increasing the amount of transverse steel decreased the contribution of EB­
CFRP.  The contribution of concrete to hear re istance was al 0 affected by the 
longitudinal steel reinforcement rat io .  
Caro l in  et a 1 .  (2005) studied the effectiveness of shear strengthening of RC 
members using CFRP.  Rectangular cross section beams of 3 .5  to 4 .5  m long were tested. 
Test parameters included pre ence of steel st irrups, type of damage, fiber amount and 
orientation, and anchorage. Test results showed that plate bonding with CFRP increased 
the load-bearing capacity in shear. The test results al so showed that the damaged beams 
restored and in some cases exceeded i ts  original shear capacity. Results also showed that 
with satisfactory anchorage such as wrapping, strain can be redisttibuted which leaded 
to higher load-bearing capacity. Anchorage was dependent on many factors such as fiber 
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am unt. orientation, and the accuracy in applying the trengthening ystem. Anchorage 
fai lure taIted from crack in the hear span and propagates outward. 
Zhang et a1 . ( 2005)  investigated the hear behavior of RC beams with EB-CFRP 
h ar reinforcem nt ten RC beam without teel  hear reinforcement were cast .  After the 
beam 2 day curing, carbon-fiber trips and fabrics were appJ ied on both s ide of the 
beam at variou orientations with respect to the axis of the beam. Test results 
demon trated the feasibi l i ty of u ing EB-CFRP system to restorelincrease the shear 
capaci ty of RC beams.  Results a lso showed that EB-CFRP strengthening system 
I llcrea ed the ducti l i ty and u l t imate shear strength of a concrete beam. Beams with CFRP 
trip ha e a compl etely d ifferent fai lure mechanism than beams wi th C FRP fabrics. The 
fai lure of the strip is cau ed by concrete delamination undemeath the epoxy whereas 
fai lure of the fabric occurs because of fiber rupture. CFRP strips increa ed the shear 
capacity more than the CFRP  fabrics. Test resul ts  al 0 howed that diagonal s ide strips 
wi th 45 and 1 35 degrees outperformed vert ical side strips in arresting the hear crack 
propagation and u l timate shear strength .  
Bous e lham and Chaa l lal ( 2006) investigated the  performance of  RC T-beams 
retrofitted in  hear with EB-CFRP system. The parameters studied were the CFRP ratio 
( i .e .  number of CFRP layer ) ,  i ntemal shear steel reinforcement ratio, control led by 
pacing, and shear span to effective depth rat io, aid. The experiment consisted of 22 tests 
done on eleven fun scale T -beams.  The beam pecimens were tested in three-point 
bending. This  typ e  of loading al lowed two tests to be perfomled on each specimen. The 
pecimens were 4520 mm long with a flange width of 508 mm, flange thickness of 1 02 
mm, web width of 1 52 mm, and total depth of 406 mm. The beam longitudinal steel 
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rel l1 forcement con i ted of 4 o. 25  bars laid in two layer at the bottom and 6 1 0  o. 
bar laid in one layer at the top flange. The bottom bar were anchored at the support with 
90 degree ho k to prevent premature anchorage fai lure. The internal steel t imlps were 8 
mm in diameter. The average concrete compre si e trength was 25 M Pa. The Carbon 
fabrIc u ed in strengthening wa a bidirectional ( 0°; 90°) .  It wa appl ied continuously 
over th te t zone in  a U- hape around the web. The thicknesses of the CFRP used was 
0 .060, 0 . 1 07, and 0 .2 1 4  mm for half ( 0 .5 L) ,  one ( l L ), and two layers ( 2L ), respectively. 
It hould be noted that the 0 . 5L  fabric  was not manufactured; i t  was created by the author 
by manual ly removing t lu-ee out of six carbon fiber yams from the 1 L manufactured 
fabric. The control pecimen were not strengthened. The specimens retrofitted with EB-
CFRP varied i n  layers between 0 . 5 ,  1 ,  and 2 bonded layers. The specimens were divided 
into two groups based on their hear span to depth ratio  aid which were 1 . 5 and 3. Also 
peclmen varied according to their internal transverse steel reinforcement from no 
st irrup to two different pacing (s = d/2) and (s= dI4) .  The test re ults howed that 
fai lure mode specimen of the study was mainly crushing of concrete struts. The shear 
capacity gain due to the CFRP  was greater for deep specimens (between 9.9% to 62 .2%) 
than for s lender specimens ( between 1 . 7% to 49.8%). The results showed clearly that the 
gain  decreased wi th the addit ion of transverse stee l .  A lso shear capaci ty gain was not 
proportional to the CFRP thickness. either the crack pattern nor the crack angle was 
modified by the CFRP  retrofit .  For s lender specimens, however, the presence of 
trans erse steel affected both the crack pattern and angle. Given the appl ied load, the 
strain in the transverse steel was substantial ly greater in specimens with no CFRP. 
However, the transverse steel yie lded in  most cases. 
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Pel legrino and Modena ( 2007) investigated the behavior of RC beam 
strengthened in hear with U-wrapped EB-CFRP.  Eight tests were done on ful l -scale 
rectangu lar beam that were de i gned 0 that their hear ul t imate capacity was reached 
before fle ural fai lure. Tests were perfonned with shear span to depth rat io ofa/d= 3. Test 
parameter included tran verse teel ratio and trengthening schemes. Test re ult  
re orded FRP gain in  the hear capacity of 2% -36%. Resul ts also confirmed the presence 
of an interaction between the internal trans erse steel reinforcement and the external FRP 
trengthening al  0 for U-wraps .  
Lees and Ke se ( 2007) i nvest igated the shear behavior of RC beams strengthened 
wi th pre tre ed EB-CFRP straps. Test parameters were strap pacing, ini t ia l  strap 
pre tress level and/or any preexist ing damage. The beams had an overa l l  span of 1 ,200 
mm with a rectangular cross section having a width of 1 05 mm and a depth of 280 mm. 
The beams had shear pan to depth rat io of a/d= 3. Concrete compressive s trength was 32 
M Pa. Te t re u l ts showed that pre tre sed CFRP strap strengthening system was an 
effective means of increa ing the hear capacity of existing concrete structures. The 
resul t  of an experimental series where unstrengthened and strengthened beams were 
te ted demonstrated that the in teraction between the strap spacing, the init ia l  prestress 
force, and the strap sti ffness has an important influence on the strengthened behavior. A 
l imi ted amount of preexist ing damage seemed to affect the overa l l  beam st iffne s but not 
the u lt imate load capaci ty. If the proper strap spacing, ini t ia l  prestress, and sti ffness are 
chosen, i t  was possible for the fai lure mode to change from a bri tt le shear fai lure to a 
ducti l e  fai lure in  flexure at a load that was 90% h igher than the ul t imate load capacity of 
an equivalent unstrengthened beam. 
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Leung et a ! .  ( 2007) conducted an investigation on geometrical ly simi lar 
rectangu lar b am with aried beam depth of 1 80, 360, and 720 mm retrofitted in shear 
\vith CFRP  stri p  in both the U configuration and ful ly wrapped configuration. The 
retrofitted member \ er tested to fai lure to provide data on beams of practical sizes for 
\ erificatIon of de ign equation and to in e tigate if the strengthening effect iveness was 
i l11 i l ar for mal l  and larg beam . Te t re ul t  howed that for beams retrofitted with 
trip in the U configurat ion, the trengthening effectiveness decreased with member size. 
For beam \\'i th ful ly wrapped trip , strengthening effectiveness was independent of 
member ize. 
Chaal lal et a 1 .  ( 200 ) investigated the local behavior of CFRP and transverse steel 
in fai lure zone. The parameters examined were the CFRP ratio, the transverse steel ratio 
and size of the specimens. The experiment involved 1 7  tests perfOlmed on ful l  size T 
beam with two different s izes. Different trengthening ratios were applied by changing 
the number of CFRP sheet . D ifferent st irrups amount were used by changing the spacing 
between them. The concrete compressive strength was 25 M Pa. Obtained results found 
that doubl ing the CFRP  thickness did not lead to an additional shear capacity gain in 
proportion to the added CFRP .  The resul t  a lso showed that increasing of the transverse 
teel ratio  reduced the contribution of CFRP to shear resistance. Shear capacity gain due 
to CFRP was greater for the beams of smal l size than for those of the bigger size which 
made evident the influence of beam size on contribution of CFRP to the shear resistance. 
The use of low strength concrete affected the bond perfornlance at the concrete-CFRP 
interface by lowering the bond strength.  The results confirmed that the presence of 
transver e steel  c learly affected the crack pattern. 
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l rou an et a ! .  ( 2009) in e tigated the lze effect of RC beam on shear 
contribution of FRP compo ites. The study included casting and trengthening of four 
R beam \! ith a depth of 2_5 mm, 300 mm, 3 75 mm, and 450 mm with CFRP 
compo i te . The 1 ngth of te t specimen wa 1 524 mm. The beam were without shear 
reinforcement .  The configuration of CFRP compo i tes includes one layer 900 strip U­
Wrap. Te t result  showed that EB-CFRP increased the shear capacity of the beam 
igni ficant ly  by 1 5 - 1 9°'0 than that the control beams, depending on the effective depth 
(d) .  Beam depth ha an influence on the angle of incl ination. The primary cracking angle 
of incl ination was 37, 47, 53 ,  and 57 degree for strengthened beams with height of 225 
mm, 300 mm, 375  m111 , and 450 mm, respectively. One of the observed fai l ure modes 
wa due to the debonding of more than two CFRP strips. Test results indicated that this 
mechanism could  be prevented by providing a larger bond length . 
Arteaga et a 1 .  (2009 ) investigated the performance of RC beams strengthened with 
various strengthening configuration . The tudy were done on 1 6  ful l -scale beams with a 
total span length of 4300 mm and a rectangular cross ection of 250 mm wide and 420 
nun deep. The reinforced concrete beams, designed with shear deficiencies have been 
trengthened for shear with EB-CFRP sheets. Various strengthening configurations have 
been studied to determine their effect on ult imate shear capacity of the beams, and 
predictions of this capaci ty. The beams had an insufficient internal steel reinforcement to 
resist  shear stress they are to be exposed to, for which reason external strengthening of 
different configurations would be necessary. Test results showed that shear strengthening 
with unidirectional CFRP sheet, enhanced the capacity of the beam to resist these 
tresses, especia l ly  for the configuration of complete ly wrapping section . There was no 
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ign ificant increa e in the t i ffne s of the beams trengthened with CFRP to shear 
compared to the beam without trengthening. The teel t irrup in the cracked area 
yi ld d before fai l ure. Therefore eem d to be valid, at least in this case with l i tt le 
amount of teel t i rrup that the total shear capacity could be seen as the sum of the 
contribution of the concrete, t i r ups and C FRP.  In the U-wrapped beams the fai lure 
occulTed b delamination before the ult imate strain of the CFRP. 
Brancaccio et a 1 .  ( 2009) inve t igated the hear behavior of ful l  scale RC beams 
trengthened with CFRP.  Three ful l - cale RC T -beams were tested to better understand 
the beha ior of ful l  scale bridge beams strengthened with CFRP and to evaluate the 
effectivene of anchorage sy tems for wet lay-up CFRP appl ications. The tested 
parameter were the amount of transverse reinforcement, U-wrap CFRP strengthening 
configuration, and the effect of mechanical anchorage systems .  Six tests were performed 
on three ful l - cale RC T -beams, de igned so that their shear capaci ty was reached prior to 
flexural  fai lure. The length of each T -beam was 1 1 . 3  m, and the total height  was 940 
mm. Each beam had two d ist inct test regions that were 2 .7  m in length, giving a shear 
pan to depth ratio  of 3 . 3 .  Two series of specimens having st irrups spaced at 203 mm and 
305 mm were considered to investigate the influence of transverse steel reinforcement on 
CFRP trengthening. Each series included a control specimen, a specimen strengthened 
by U-wrapping of FRP  sheets at 90° and a specimen trengthened by U-wrapping of 
CFRP sheets at 90° with mechanical anchorage. Mechanical anchorage consisted of two 
CFRP pre-cured p lates bonded to each CFRP strip with epoxy resin  and anchored firmly 
in  p lace wi th concrete wedge anchors and steel bolts. Test results showed that specimens 
strengthened with CFRP  tested in this study showed an increase in shear strength of about 
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... 3° 0 to 3 1 0/0 a compared to the cone ponding control specimen when mechanical 
anchorage were not u ed. The u e of mechanical anchorage ystem provided additional 
hear trength . The CFRP  trengthened specimen with mechanical anchorage showed 
6° ° to 1 7% higber hear trength than the pecimen without mechanical anchorage. 
CFRP hear trengthening wa more efficient for pecimens with 305 nun stirrup spacing 
than for those with 203 mm tirrup spacing, implying an interaction between the hear 
contribution of CFRP and t i lTUpS. 
Gamino et a 1 .  ( 2009) elaborated on the appl ication of CFRP in shear 
trengthening of RC T -beams.  The experimental program included testing of eight 
pecimen . Two were u ed as control beams without strengthening and six beam were 
strengthened in shear with different types of CFRP materials. The average yield strength 
for the teel rebars wa 530 M Pa.  The average compres ive strength of concrete was 60 
M Pa. An anchorage mechanism was used in three beams. The results obtained showed an 
increa ed load capacity for the beams in which the anchorage system was used. Strain 
mea urements for the CFRP  strips intercepting the critical shear crack were s l ight ly 
above those observed for trip out of the crack-fonnation zone. 
Houl t  and Lees (2009) developed a system where unbounded CFRP strap were 
i nsta l led from underneath the l ab without compromising the strengthening efficiency. 
The parameter examined were the depth of penetration of the CFRP straps into the 
compression flange, the concrete strength the CFRP strap spacing, the presence of holes 
in the compression flange, and the size of the loading pads . Seven T -beam were tested 
where the CFRP straps were inserted through holes that were dri l led from below the 
flange keeping the top surface of the flange unaffected. Two methods of supporting the 
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trap were on idered . In the fir  t method, profiled metal l ic in ert with a flat bealing 
urface were in erted in the hole. In the econd method, the desired strap profile \ a 












Figure 2 . 1 :  Strap configurations for te t specimens ( Hoult and Lees 2009) 
From the obtained resul t  i t  was found that the CFRP strap strengthening ystem 
can be insta l led effecti ely without requiring access to the s lab top urface and can sti l l  
provide sign ificant hear capacity enhancement. Also, the resu l ts showed that CFRP 
straps must encompa s a sufficient depth of the compression flange in order to be 
effective. Otherwi e, hear crack would develop above the CFRP straps rendering a 
minimal hear enhancement .  
Ortega e t  a l .  ( 2009) inve tigated the perfornlance of  different types of mechanical 
anchorages appl ied to ful l -scale PC girders and RC T-beams strengthened external ly  with 
bonded CFRP  sheets. Two series of specimens PC and RC members were tested, with 
different interna l  shear reinforcement d ifferent cross sectional arrangements, and various 
mechanical anchorage configurations. Test results showed that the use of a continuous 
plate instal l ed near the top flange exhibited a buckl ing mode of fai lure due to the large 
spacing between the anchors. H owever, the use of discontinuous plates covering each 
CFRP strip individua l ly  was recommended . For PC girders in which the web thickness 
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wa typical ly ery thin, the embedment length of anchor bolt were not sufficient to 
avoid premature fai l ure due to the anchor bolts being pul led out. In such ca e the use of 
a thru-bol t  y tern pro ided better performance. 
Grande et al. ( 2009) investigated the influence of varyll1g the amount of 
tran er e teel reinforcement on the CFRP re isting action. The interaction between 
CFRP and transver e tee I re i t ing actions wa examined. The deformation behavior of 
the h ar re isting sy tem and the modes of fai lure of strengthened and non-strengthened 
beam were studied. Fifteen ful l - cale beams with a total length of 2 ,800 mm and a 
rectangular cross section of 250 mm wide and 450 mm deep were tested. The aid ratio 
\Va equal to 3. Different St i lTUPS spacing were implemented. Ten beams were 
strengthened with EB-CFRP ystem with three different configurations. Complete 
wTappmg, ide-bonding and improved U-jacketing with main composite sheets 
surrounding only three ides of the section and an additional strip placed along the upper 
part of the beam to improve the anchorage of U -CFRP sheets .  The concrete compressive 
strength was 2 1  M Pa. The obtained results showed that the CFRP shear resist ing action 
\i as genera l ly  smal ler in beams with c loser sti lTUP . The resul ts a lso showed that CFRP 
appl ication had the abi l ity to vary some of the significant structural aspects of the 
specimen l i ke the cracking pattern and the deformation levels in the shear reinforcing 
system. The resul ts showed that only stirrups with h igh spacing yielded whereas t irrups 
with sma l l  spacing did not .  This result  was in contrast with the main code-format 
recommendations where the shear strength contribution of the transverse steel is typica l ly 
evaluated a suming steel yielding. 
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Teng et .a l  ( 2009) inve tigated the hear re i tance mechanism for beams 
trengthened with EB- FRP heet . The parameter te ted were the interaction between 
CFRP, concrete, and internal teel t i lTUP of a CFRP strengthened beam in resisting 
hear. ine beam \-vere te ted in this tudy three a control  pecimens, three with bonded 
CFRP ful l  wrap , and three with CFRP ful l  \ raps left unbonded to the beam sides 
( bonded only to the compr ion and tension faces and the corner). The concrete 
com pre ive trength wa 47 .2 M Pa on average. The results showed that the beam with 
CFRP unbonded on the side achieved s l ight ly higher shear capacit ies than the beams 
with ide bonded CFRP .  The results a l  a showed that both bonded and unbonded CFRP 
reduced the ducti l i ty of the hear fai lure of beam . However, the beams with bonded 
CFRP howed more ducti l i ty than the unbonded ones. The average maximum recorded 
value of CFRP train for the  unbonded and bonded beams were 1 1  % and 29%lower than 
the value measured from direct ten i l e  tests, re pectively. The beams strengthened with 
ide-unbonded CFRP wraps had a higher shear capacity than that strengthened with side­
bonded C F RP wraps, when a l l  other parameters were kept constant .  
Godat et a l .  ( 20 1 0) investigated the shear performance of RC beams with a 
rectangular cross section strengthened with either CFRP U-strips or ful l  CFRP wraps .  
The s ize effect was examined for these beams with varying depths .  Test results showed 
that for the sma l ler beam dimensions, a h igher loading percentage was attained before the 
cracking pha e. The experiment also suppl ied valuable info1 nation on the effect of 
increa ing the beam depth . An increase in beam depth resul ted in an excessive shear 
cracks prior to fai l ure. This can be explained by the fact that the increase of beam depth 
reduced the aggregate interlock and thus accelerated the propagation of cracks and 
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debonding. The a ial  train in the CFRP heet wa not unifonnly distributed along their 
height . The resul t  confirmed that the contribution of C FRP trips were higher in the 
maIler pecimens. Therefore, with a larger beam size, EB-CFRP strengthening provided 
le improvement in hear capaci ty. 
Kim et.al ( 20 1 1 )  evaluated the shear perfom1ance of RC beams strengthened with 
EB-CFRP 'y tem wi th end anchors. Five tests were conducted on reinforced concrete T­
beam . The beam had a hear pan-to-depth ratio ofa/d= 3. An increase in hear strength 
in the range of 40° 0 to 45 °'0 wa ob erved when anchored CFRP laminates were installed. 
End anchor enabled CFRP laminates to reach rupture strain in strengthened beams 
becau e fai l ure due to de-bonding was precluded. The hear contribution of the CFRP 
materia l  was not prop0l1ional to the amount of CFRP material used. Doubl ing the amount 
of CFRP did not double the hear contribution of CFRP .  The crit ical hear-crack angle 
became hal lower \: i th respect to horizontal as the appl ied load increased. The results 
al 0 howed that the bond between the CFRP laminates and concrete surface was not a 
cri t ical parameter when end anchors were provided. 
i kopour and Nehdi ( 20 1 1 )  Investigated the behavior of RC beams strengthened 
by unidirectional and hybrid bidirectional FRP  sheets and subjected to cycl ic  loading. RC 
beams tested under cycled loading were subsequently repaired using both epoxy injection 
and external FRP  sheets, and then re-tested under monotonic loading. Six RC beam 
specimens, two of which were control specimens and four were shear deficient, were 
upgraded wi th s ide-bonded FRP sheets in the first phase of the experimental program. In 
the second phase, three of the damaged beams were repaired using epoxy injection and 
unidirectional CFRP  sheets .  Test parameters included repairing method, FRP type, and 
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FRP wrappmg cherne. Te t re ul t  howed that hybrid appl ication of FRP heets howed 
a better performance in increa ing the ult imate hear capacity of retrofitted RC beams 
compared with that of unidirectional carbon fiber retrofi tted beam specimens. The co­
e. i tence of different kind of fiber such as glas or aramid in the tran ver e direct ion 
a l lo\ ed the carbon fiber in the main direction to reach c loser to its ul t imate strain 
capacity b increa ing the confinement of the fibers at the main direction. Retrofitted 
intact RC beam with thicker and tronger FRP sheets were less l ikely to fai l  by rupture 
of the FRP  sheet . H ence, specimen \ hich had gla with the lowest thicknes and 
trength a extemal FRP ,  wa the only specimen which had FRP lllpture at fai lure in the 
fir t phase of experiment . Fatigue and repetitive loading affected the u l timate load 
capacity of RC beams by the formation of micro-cracks in concrete and weakening of the 
bonding la er between the concrete and the extemal FRP sheets. Crack injection using 
l ow vi co ity epoxy provided an increa e of st iffne s in  the l i near region of the load 
di p lacement curve of a l l  repaired RC beams tested in the second phase of the testing 
program. An increase in the u l t imate strength of all beams was observed in  the second 
pha e of testing compared to that of their counterparts in the first phase. This was l ikely 
due to the stronger epoxy to concrete bond-l ine strength compared to the tensi le  strength 
of concrete . Whether to achieve ducti l e  or bri t t le behavior of RC beams with repaired 
epoxy injection and external FRP  sheets was high ly  dependent of the scheme and type of 
the attached FRP  laminates . 
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2.3 tud ie on T M-FR P Shear trengthen ing  y t e rn  
Re earch tudie have been published on the perfonnance of NSM-FRP shear 
trengthening sy tem. Tab le 2 .2  ummarize the avai lable experimental studies on  N M-
FRP tr ngthening sy tem in the past decade. More detai led infol111ation are provided 
hereafter. 
Table 2 . 2 :  ummar of previous tudies on SM-FRP shear strengthening system. 
P roperties and para meters 
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De Lorenzis et a l .  ( 2000 ) investigated the effect iveness of using NSM FRP rods 
as a trengthening system for RC structures. The variables examined were the bonded 
length rod diameter type of FRP  material ,  rod surface configuration and size of groove. 
The obtained results showed that among the two different rod surface conditions 
examined, defonned and sandblasted, the fonner appeared to be more efficient ( higher 
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bond trength ) and had a greater tendency to induce spl i tt ing fai lure. The result a1 0 
howed that when fai l ure \ a by p l i t t ing of the epoxy co er, increasing the groo e size 
led to higher bond trength. The ul t imate load increa ed by 8% and 24% as the groove 
ize mcrea ed from 1 6mm to 1 9  mm and 25mm, respecti e ly. A the groo e ize 
increa ed the thickne of the epoxy cover inc rea ed thereby offeling a higher resi stance 
to p l i tt ing. The u l t imate load increa ed, with an increase in the bonded length of the rod. 
However, the average bond strength decreased a the bonded length increased, as a resul t  
of the uneven distribution of bond stresse . It was concluded that the optimum groove 
ize appeared to be 1 9mm and 25mm for SM rods with diameters of 1 Omm and 1 3mm, 
re pectively. 
De Lorenzi and am1i ( 200 1 )  investigated the perfonnance and fai lure mode of 
RC beam trengtbened in shear with SM-FRP rods. The examined variables were 
pacing between rods, trengthening pattern,  end anchorage of rods to the flange and 
presence of i nternal teel shear reinforcement .  E ight ful l -scale RC beams with a T -sbaped 
cross ection and a total length of 3 m were tested. S ix beams had no internal shear 
reinforcement and two beams had i nternal steel st imlpsbelow tbe ACI3 1 8-95 
requirements. The concrete compres ive strength was 3 1  M Pa and the aid ratio was 3 .  
The results bowed that SM-FRP rods were effective to enhance the shear capaci ty of 
RC beams. In absence of steel st irrups, up to 1 06% increase in  shear capacity was 
recorded. In the beams with steel stirrups below the ACB 1 8-95 requirements the 
strengthened beam showed an increase in  shear capacity of 35% over the un-strengthened 
beam. This indicated that s ign ificant contlibution of SM-FRP rods to shear capacity can 
be achieved in the presence of internal  shear reinforcement. Typical fai lure mode was de-
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bondl l1g of one or more FRP rod due to p l i tt ing of the epoxy cover. Test result 
mdicated that thi fai lure mode " a prevented by providing a larger bond length with 
eI ther anchoring the M rod in  the beam flange or u ing rods incl ined at 45°with a 
ufficient ly clo e paclI1g. 
anm et al. ( 2003 ) investigated the effectiveness of SM-FRP as a shear 
tr ngthening y tem to retrofit an exist ing pre tressed concrete ( PC)  bridge. Four 
pre tre ed girder were i olated from a bridge to be tested. The dimensions of a ingle T 
pecimen was 9 1 5  mm wide by 1 2 .2  m long. The web width was 1 1 5 mm. The specimen 
were 5 5 mm deep, " i th a 1 25 mm thickness of flange. The concrete compressive 
trength wa 46.2 M Pa .  Different strengthening configurations were appl ied. CFRP 
rectangular bars were i n  tai led using NSM technique wi th  incl ination of 60° and a 
pacing of 200 mm. The results showed that using SM-CFRP rectangular bars 
represented an innovative and effective system for shear strengthening. The results 
howed an improvement in  shear capacity of at least 53%, over the base strength .  
Dias and BalTos ( 2005 ) compared the  efficacies of SM-FRP and EB-FRP 
y tern for hear strengthening of RC beams with a rectangular cross sect ion. The 
compari son was in terms of the increa e in maximum load, the deflection at beam fai lure 
and fai lure mode. The experimental program was composed of 20 beams divided into 
four groups .  Each group was made up of a beam without any shear reinforcement and 
beams wi th steel st irrups, U shaped strips of wet lay-up C FR P  sheets and CFRP laminate 
strips inc l ined at 450 or at 90°. The aid ratio  was 2. The concrete compres ive strengths 
were in the range of 49.2 M Pa to 56 .2  M Pa .  The resul ts showed that the SM-FRP shear 
trengthening techn ique was more effective than the EB-FRP system. This effectiveness 
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wa not only in tenn of hear capacity, but al o in tern1 of defonnation capaci ty. For the 
beam \ i th no t imlp EB-FRP and M-FRP teclmique resulted in average increase 
in shear capacity of 54°'0 and 3%, re pectively. As the depth of the beam increa ed 
laminate at 45° became more effective than vertical laminates. The maximum shear 
trength of the beams reinforced with steel stirrups only and that of the beams 
trengthened by M technique were almo t simi lar. Failure modes of the beams 
trengthened by the M-FRP were not so fragi le as those observed in the beams 
trengthened by EB-FRP ystem. 
Dia and Barro (2008) e a)uated the influence of both the amount and incl ination 
of CFRP laminate on the effectivenes of N SM strengthening technique. Three ratios of 
SM-CFRP with three inc l ination of 90°, 60° and 45°were examined. Twelve beams of 
T-cro s ection compri ed the experimental program. The concrete compressive strength 
was 3 1 . 1  M Pa. The re u l ts showed that SM-CFRP strips incl ined at 60° was the most 
effective shear strengthening configuration, having provided a maximum increase in 
hear capacity of 33%. The contribution of the N SM-CFRP strengthening system was 
l imi ted by the concrete tensi le trength. Below certain spacing between SM-CFRP 
trips, a group effect occurred due to the interference between consecutive concrete 
fai lure urfaces, leading to detachment of "two lateral wall " from the underlying beam 
core. This indicated that the efficacy of the SM-CFRP shear strengthening can be 
l imited by relative proximity between C F RP stlips .  
Is lam (2009) investigated the shear strength contribution of NSM-CFRP bars. 
Four specimens were used in this study with concrete compressive strength of 49.75 
M Pa.  The obtained results showed that shear strengthening with SM-CFRP bars 
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re ul ted in 1 70 0 to 2 0'0 increa e in hear capacity, The effecti e train in the SM-CFRP 
bar at  b am fai lure wa almo t one-third of it ult imate train.  The fai lure mode of a l l  
four beam were in hear with diagonal shear crack . 0 delamination, debonding or 
fracture of FRP material wa ob erved as hown in  Figure 2 .2 .  
Figure 2 .2 :  Fai lure mode of te t specimen ( I slam 2009) .  
Sol iman et .a! ' ( 20 1 0) investigated the bond behavior between N SM -FRP  
reinforc ing bars and concrete. The parameter i nvestigated were the bond length, type of 
FRP  bar , ize of FRP  bars, groove width, type of adhesive and the environmental 
condit ion "freeze/thaw cycles" , E ighty C-shape concrete specimens were subjected to a 
pu l lout te t a hown in  F igure 2 . 3 .  The obtained results showed the main mode of fai lure 
for mo t of tested specimens with epoxy adhesive was concrete tension fai l ure ( semi­
cone fai lure) accompanied with or without epoxy cracking ( sp l i tt ing) .  The results also 
showed that specimen with longer bonded length fai led by bar rupture .  The main mode 
of fai lure for the specimens with cement adhesive wa adhesive spl i tt ing at the concrete­
cement in terface. These specimens showed a fai lure load of about 40% to 56% of that of 
their counterparts wi th epoxy adhesive. 
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Figme 2 . 3 :  C-shape test pecimen ( Sol iman et a 1 .  20 1 0) .  
The re ul ts  howed that  increasing the bonded length increased the pul lout/fai lure 
load and the bond tre s wa decreased due to longer length distribution. In terms of 
groove ize, increasing the groove size for specimens with epoxy adhesive did not bave a 
ign ificant influence on the fai lme load. However, the factor that control led fai lme wa 
the ten ile trength of concrete. I ncreasing the groove ize for specimens with cement 
adhe ive decrea ed the fai lme load. This was due to greater shri nkage of cement in the 
bigger groove size. Temperatme change during freeze/tbaw cycl ing caused hair cracks to 
develop in the adhesive materia l .  Therefore, the properties of the adhesive material 
governed the mode of fai lme and s l ip perfonnance of the specimens.  For the specimens 
that were ubjected to environmental conditioning with epoxy adhesive, the fai lure load 
was reduced by 8% to 1 4% compared to that of their counterpali reference specimen . 
For the conditioned specimens with cement adhesive, this reduction was in the range of 
30% to 45%. 
AI-Mahmoud et a l .  ( 20 1 1 )  investigated the effects of concrete strength, fi l l ing 
materia l ,  groove dimen ions, groove surface preparation for CFRP rods used in SM 
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trengthening technique. Two interface were in 01 ed in the ' M  teclmique: one 
between the reinforcing compo ite rod and the un-ounding fi l l ing material and the other 
between the fi l l ing materia l  and concrete. Two mechanical te ts were perfoffi1ed : the 
u ual pul l -out te. t, which a e sed the anchoring capacity of the CFRP rods, and the 
ten ion member test, \ hich imulated the beha ior of the CFRP rod bonded in the tensi le 
zone of an RC-structural element .  Tested specimens were in a form of prism ingly 
reinforced with CFRP rod as hown in Figure 2 .4 .  The rod were 1 2  mm in diameter 
carbon-epoxy pultruded FRP .  Re u l t  of the pu l l -out test in the case of the resin ,  showed 
that the u l timate load was always higher than that obtained for CFRP rod embedded in 
the concrete i ndependent of the concrete strength and the groove width. The fai lure 
occurred at the CFRP  rod-resin  interface. In the case of the mortar, the ult imate load was 
a lv.:ay only about half that obtained with the resin .  The main difference with the resin 
resul ts  was the debonding fai lure at the mortar-concrete interface. Sandblasting the 
concrete urface increased the u l t imate load by about 1 5%. The experimental results of 
tension member tests indicated that the transfer length was s imi lar to that obtained for 
rods embedded in  concrete ( less than 1 00 mm), again, regardless of type of fi l l i ng 
material ,  concrete strength or groove width. For tension member tests, after cracking, 
debonding between mortar and concrete no longer occurred, because of the roughness of 
the bottom surfaces of the grooves. The mechanical behavior after cracking was the same 
as that obtained for CFRP  rods embedded only in concrete or with resin . The presence of 
the fi l l i ng material did not affect the mechanical behavior of the tension members . A 
groove width to nominal rod diameter ratio  between 1 .7 and 2 . 5  appeared to be optimal . 
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b Tension member specimen u ed for the NSM.  
Figure 2 .4 :  Te t specimen. AI -Mahmoud et a l .  (20 1 1 ) . 
2.4 Research Object ives 
2.4. 1 Research Needs 
CFRP 
rod 
The l iterature survey presented in  this chapter h ighl ighted in  detai l s  the different 
parameters that affects the behavior of concrete beams strengthened in shear with EB-
CFRP and SM-GFRP system . Producing knowledge on the enllancements of shear 
capacity attributable to FRP  shear strengthening has been the primary research objective 
of pre ious studies. Studies on structural strengthening of RC beams pre-damaged in 
shear by corrosion of st irrups or due to impact and/or overloading are scarce in the 
l i terature. 
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2 .4.2 cope of the  C u r rent  tud  
In th i  the j the tructural perfonnances of R beam pre-damaged in  hear and 
trengthenedlretrofitted u ing d ifferent FRP strengthening y tems were inve tigated. A 
total of 20 RC T - haped beam were tested over two pha es. Test parameters in pha e I 
included th level of cor o ion damage in t irrup ; hear strengthening system ' and FRP 
hear reinforcement rat io.  Test parameters in  pha e I I  included the presence of structural 
hear-damage, number of B-C FRP layers, and type of end anchorage system . The 
pe ific  objective of thi tudy are to: 
• E 'amine the effect ivene s of t\vo different compo i te-based shear strengthening 
tern namely; E B-CFRP and N SM-GFRP to improve the structural  perfonnance 
and upgrade the shear capacity of RC beams pre-damaged in shear. 
• In\'e t igate the i nteraction between Ie el of corrosion in  stirrups fai lure mode, and 
gain in shear capacity attributable to FRP shear trengthening. 
• 
• 
Evaluate the effec6 eness of EB-CFRP composite system wi th mechanical  end 
anchorage as a retrofi tt ing solution for severely  shear-damaged RC bridge girders. 
Examine the accuracy and al id i ty of the analytical procedures of different 
i nternational guidel ine Istandards and other analytical models  publ isbed in the 
hterature to predict the contribution of FRP to shear capaci ty of RC beams pre­
damaged in shear. 
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C H A PT E R  3 :  EX PERIM ENTAL PROGRAM 
3. 1 I n t rod uct ion 
The e perimental program of the present work consi t of te  ting a total of twenty 
reinforced concrete ( RC )  beam pr -damaged in hear and strengthened with EB-CFRP 
and 1 M-GFRP compo i te stem . The expelimental program was divided into two 
pba e ac ording to the type of ini t ia l  shear damage in test specimens. Specimens of 
Pha e I were ubjected to accelerated cono ion expo ure to induce conosion damage in 
the internal teel t i lTUp prior to trengthening. Specimens of Pha e I Iwere te ted to 
fai lure, to introduce a severe hear-damage, repaired and strengthened then tested to 
fai lure for a second t ime. 
Deta i l s  of the experimental program are presented in this chapter. A description of 
te t peclmen , fabrication proce s ,  materia l  properties, accelerated conoslOn 
methodology, and FRP trengtheninglretrofitting system is  provided . Test set-up, 
in trurnentation and procedure are presented. 
3.2 Test P rogram 
3 . 2 . 1  Test M atrix of  P hase I 
Te t matrix of phase I i given in Table  3 . 1 .  Test specimens were divided into four 
main groups. It should be noted that two sets of dupl icate specimens were tested in two 
experiments only to demonstrate test repeatabi l i ty .  Additional repeated specimens could 
not be made due to the large scale of the test specimen and l imited avai labi l ity of funds. 
General l y, to obtain stat i st ical ly sign ificant resul ts, the author believes that a minimum of 
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three data point per e 'periment hould be considered. Detai l of each group are given 
below. 
G roup  [ A ]  
Group [A]  coo i ted o f  three pecimens that were not strengthened to erve as 
reference pecimen . One pecimen wa not con'oded to act as a control beam. Two 
peclmen � ere expo ed to accelerated corrosion for two different periods of 25 and 50 
da which conesponded to measured st irrup corro ion of 8% and 1 5% cro s section 
los , re pectively. 
G ro u p  [ B ] 
Group [B ]  con i sted of two specImen that were subjected to 25 days of 
accelerated corrosIon thus inducing 8% reduct ion in the stirrups cross sect ion area. 
Fol lowing corrosion, one pecimen was strengthened with a single layer of EB-CFRP 
trips .  The econd specimen was strengthened wi th NSM-GFRP rebars at  a spacing of SF 
1 20 mm. 
G ro u p  [C] 
Group [C] consi sted of four spec]mens that were subjected to 50 days of 
accelerated corrosion exposure thus rendering a 1 5% reduction in  the stirrups cross 
ection area. Fol lowing conosion one specimen was strengthened with a single layer of 
EB-CFRP system, two dup l i cate specimens were strengthened with two layers of EB­
CFRP,  and one specimen was strengthened wi th  three layers of EB-CFRP.  
Group [ D ]  
Specimen o f  th is  group were subjected to 5 0  days o f  accelerated corrosion that 
corresponded to 1 5% reduction in  the st irrups cross section area. Following corrosion, 
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on peclmen wa trengthened \ ith SM-GFRP rebar at a spacing of sf = 1 20 mm 
whde two duplicate pecimen w re trengthened with N M-G FRP rebars at a pacing of 
5( = 60 mm. 
It i worth noting that the pecunens trengthened with one and two layers of EB-
FRP tem had hear strengthening inde e , ErA/b,. I, that were almost equal to those 
of the peclmen trengthened \: ith the SM-GFRP system with sf = 1 20 mm and f =  60 
mm, re pecti\Cly where EF FRP composite modulu , Ar =  cross section area of FRP , and 
b\\ = width of beam web 
Table 3 . 1 :  Te t matrix of Pbase 1. 
Group Time of aSt irrup Strengthening "Specimen Remarks 
COITO lOn COITO Ion regIme de ignation 
expo me damage 
(days) (O�) 
[A]  - - 10 trengthening co- -
25 o trengthening C l - IS -
50 1 5  TO strengthening C2-NS -
[B]  �5 8 E B -CFRP, 1 layer C l -EB I -
25 TSM-GFRP, sf = 1 20 mm C l -NSM I -
[C] 50 1 5  EB-CFRP, 1 layer C2-EB I -
50 1 5  EB-CFRP, 2 layer C2-EB2 Duplicate 
50 1 5  EB-CFRP, 2 layers C2-EB2R pecimen 
50 1 5  EB-CFRP, 3 l ayers C2-EB3 -
[D]  50 1 5  NSM-GFRP, sf = 1 20 mm C2-NSM I -
50 1 5  SM-GFRP, Sf = 60 11U11 C2-NSM2 Dupl icate 
50 1 5  NSM-GFRP, sf = 60 mm C2- SM2R specimens 
01. 
(a) CO, C I .  and C2 refer to reductIons In stIrrUpS cross sectIon area due to corrosIon of 0, �, and 1 5  o. 
respectively. j S refers to no strengthening. EB J ,  EB2,  and EB3 refer to E B -CFRP system with one, two, 
and three layer of CFRP sheets. NSM 1 and SM2 refer N SM-GFRP system with rebars spaced at 1 20 and 
60 mm , respectIvely. R refers to a repeated specimen. 
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3 . 2 . 2  Te t l atr ix  of Phase 1 1  
Te t matrix of ph a e I t  i gi e in Tab le 3 .2 .  
G ro u p  [ A J  
Group [A]  con i ted o f  three specimen that were not damaged pnor to 
trengthening and/or te t ing. One beam wa not trengthened to serve a a control 
ampl . The other two beams were trengthened with one and two layers of EB-CFRP 
tem \\ ithout end anchorage. 














- - - U- S 
[A] '0 damage - 1 - U-EB I 
- 2 - U-EB2 
Yes - - D-PR 
Yes 1 SCP+PAF D-E B I -PAF 
[B ]  
Damaged to 
Yes 2 SCP+PAF D-EB2-PAF 
fai lme 
Yes 1 SCP+TB D-EB I -TB 
Yes 2 SCP+TB D-EB2-TB 
elSCP-PAF and SCP-TB refer to sandwich compo ite panel anchored with powder-actuated fa teners and 
thru-bolt . re pectively. 
"u and D refer to undamaged and damaged beams. respectively. S refers to no strengthening. EB I and 
E B2 refer to strengthening with one and two layer of E B -CFRP, re pectively. PR refers to patch repair 
with epoxy with no CFRP strengthening. P AF and TB refer to powder-actuated fasteners and thru-bolt . 
re pectively. 
G ro u p  [ B ]  
Specimens o f  group [B ] ,  five beams, were tested to fai l ure, repaired and 
strengthened, then tested to fai lure for a second time. On the occurrence of the first shear 
fai lure the load was removed and then the deteriorated side and bottom concrete covers , 
were chipped. Epoxy patch repair was then appl ied on the beams'  lateral and bottom 
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fac . Fol lowing the cpo y patch r pair, one beam wa rete ted to fai lure without being 
trengthen d \: ith EB- FRP.  The remaining four beams were trengthened, after being 
patch-repaired with epoxy, with one and t\ 0 layer of EB-CFRP in combination with two 
dIffer nt m chanical end anchorage y tern , and then rete ted again to fai lure . 
3.3 S pecimens Details 
The test specimen wa 3200 mm long RC beam with a T-shaped cross section. 
The cro ection had a web width of bl1 = 1 20 mm, flange width of bl = 300 mm, total 
depth of h = 240 mm, and effecti e depth of d = 200 mm. The specimen were tested 
under three-point bending wi th an effective span of 3000 111m and a short shear span ( test 
region) of 600 mm rendering a hear pan to effective depth ratio aid = 3 .  
The reinforcement as designed to assure a shear dominate fai lure mode in all the 
pecimen prior to any flexural di stres . The tens i le  steel reinforcement con isted of 2 
o. 25 ..L 2 o .  1 6  deformed steel bars. The compression steel reinforcement consisted of 
4 o.  1 2  deformed teel bars. The tensi le  steel reinforcing bars had a 90° hook at each 
end to provide sufficient anchorage. The intemal shear reinforcement in the test region 
wa o. 6 smooth st irrup \ i th  a c lear cover of 1 5  mm placed at a spacing of s = 1 20 
mm. Adequate shear reinforcement of 8 mm diameter deformed steel st inllps with a 
spacing of s = 75 mm was provided in the long shear span to avoid shear fai lure outside 
the test region. 
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Figure 3 . 1 :  Te t pecimen of ph a e I .  
pecimens of Pha e I that were subjected to accelerated corrosion process had 3% 
aCI by weight of cement added to the concrete mi  used to cast the concrete around the 
middle three t irrups of the te t region. A lso to forn1u late a con-osion cel l  an internal 
tainle steel tube with an external diameter of 6 mm and a wall thickness of 1 mm was 
placed within the short shear pan at a di tance 60 mm below the flange to act as a 
cathode during the accelerated corro ion proce s. The cor oded stirrup were extended 
out of the top surface and the tainless steel tube was extended out of the beam side face 
to faci l i tate making electrical connections for the accelerated corrosion process. Deta i l s  
of te t specimens of Ph a e I and I I  are shown in  Figures 3 . 1 and 3 .2,  respectively. 
p ®+-t 
a =  600 
300 
o _ No 6 @ 1 20 mm 
L-8 2 No 1 6  





0.8 P ®..-J 
Figure 3 . 2 :  Test specimen of phase I I  
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3.4 pec imen Fabricat ion 
ccording to the peclmen detai ls  pre ented in the previou section, steel bar 
were cut to de ired lengths, fabricated and then fixed together to form the desired teel 
cage a hown in Figure . 3 .  
Figure 3 . 3 :  Steel cage . 
E lectrical re i tance train gauge ( S .G . )  were bonded to the stirrups in the test 
regIOn and to the ten i l e  steel reinforcement. Bonding of strain gauges fol lowed the 
fol lowing steps :  
• Preparing the surface of bonding by smoothing and c leaning. 
• I solate wires of the gauge from being in contact with the steel re-bars. 
• Gluing the gauge to the target area . 
• Protecting the gauge using wax or c lay to avoid the damage during casting. 
P lywood sheets, 1 8  mm thick each were used to fabricate the casting forms .  
Spacer in a form of mortar cement blocks were attached to the  steel cages in  specific 
locations to ensure that the concrete cover was maintained. Steel cages were in tal led 
in ide the forms prior to ca t ing as shown in  Figure 3 .4 .For specimen of Phase I that were 
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ubjccted to accelerated cono ion, cork strips were fixed at pecific location prior to ca t ing to 
en ure that aI led concret \\'a ca t within the de ired region. The trip were removed at a latcr 
tage dUrIng ca t ing. The e trip formed a topper for the alty mix that ere ca t in  the test 
region a ho\\'n in Figure 3 . 5 .  The concrete was compacted during casti ng using a hand held 
\ lbrator and then trowel fin ished after the completion of ca ting. 
Figure 3 .4 :  teel cages insta l led in ide  the  fom1s prior to  casting. 
Figure 3 . 5 :  Cork strips u ed as stoppers dUling casting. 
5 1  
II peClmen were remo ed from the wooden fonllwork after three day and 
then k pt moi t u ing wet burlap for even days. Figure 3 . 6  shows the specimens after 
ca tmg and removed of the fOml'. ork. 
F igure 3 . 6 :  pecimens after ca t ing and removal of formwork. 
3.5 M a teria l  p ropert ies 
3.5. 1 Concrete 
T\',:o mixe were used in  thi study to produce nominal concrete grades of 30 and 
20 M Pa for pecimens of Phase I and Phase I I , respecti e ly. Due to the l imi ted capacity 
of the existing testing fac i l i ty, the concrete grade of specimens of Phase I I  was decided to 
be 20 M Pa to ensure that they w i l l  fai l  at a load l evel lower than the capacity of existing 
testing faci l i ty after strengthening wi th EB-CFRP in  combination with mechanical end 
anchorage. The cement used in  both m ixes was ordinary Type I Port land cement. The 
coarse aggregate was natural crushed stone with medium and large s izes 1 0  mm and 1 9  
mm respectively. The concrete mix  proportions for specimen of Phase I were (cement: 
sand: medium aggregate : l arge aggregate : w/c; I :  1 .3 : 0 .9 :2 :0 . 52 )  and for specimens of 
Pha e I I  they were ( cement :  sand:  medium aggregate : large aggregate: w/c; 
1 :2 .6 :0 .7 : 1 . 7 :0 .68) .  During casting concrete cyl inders with diameter of 1 50 mm and a 
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length of 00 mm wer ampJed. The a erage concrete compre i e trengths for 
peclmen of Pha e l and Phase I I  \ ere 32 and 20 M Pa " ith corresponding standard 
deviation of 0.2 M Pa and OA M Pa, re pecti e ly .  
3 .5.2 tecl Rei n forcement  
The longitudinal teel re inforcement wa o.  1 6  and No. 25 deformed bar with a 
nommal yield strength of 520 M Pa .  The shear reinforcement in the hort shear pan ( test 
region) wa plain bars with measured yield trength of 344 MPa and a diameter of 5 . 5  
mm.  
3 .5.3 Fiber Rein forced Polymers ( F R P) 
Two different fiber reinforced polymer materia ls were used for shear 
trengthening; GFRP rebars and CFRP sheet for the NSM-GFRP and EB-CFRP hear 
trengthening sy tern , re pectively. The GFRP rebars used as NSM shear reinforcement 
had a nominal diameter of 6 mm. An epoxy-based groove fi l ler adhesi e was used for 
bonding the SM-GFRP rebars to concrete. Unidirectional carbon fiber fabric was used 
for the EB-CFRP system. The fabric was impregnated and bonded to the specimen with a 
compatible epoxy res in .  Typical  mechanical properties of materials used in shear 
trengthening, as provided by the manufacturer, are given in Table 3 . 3 .  Figures 3 . 7  to 3 . 9  
show the materials and equipment used in strengthening. 
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Table 3 .  : echanical propert i of material u ed in trengthening ( data obtained from 
manufacturer) 
trengthcning 
Material Ten iIe modulu  Ten i le Strength Ul t imate 
' tem (GPa) ( M Pa) elongation (0;0) 
Carbon fiber dry 
fabric 
, - ika rap Hex- 230 3450 1 . 5 
EB- FRP 
l 03C @" 
Epoxy re in 
y tem -�ikadur-330 Qi" - 30 1 .5 
a Carbon fiber 
cured with epoxy 65 .4 870 1 .3 3  
resin 
GFRP rebar 
59 1 ] 50 1 .95 , -GFRP "Pultron ® " 
Y tem Epoxy adhe ive 
4 1 2 .5  0 .6 
"AnehorFix-2 ®-' 
''
rhicknes of a t)'P1cal cured CFRP compo ite heet is 0.3 8 1  mm. 
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Figure 3 . 7 :  Material and equipment used for E B-CFRP.  
Figure 3 .  : materia ls  and equipment used for NSM-GFRP.  
Puhruded pre-cured composite plates PAF, w a  hers. gun, and power cartridge Thru-bolts (TB) 
Figure 3 .9 :  Equipment and materia ls  used for insta l lat ion of end anchorage systems 
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3.6 ccelera ted Corrosion of t i rrup 
pecimen of Pha e r \ er  ubjected to  accelerated COITO ion exposure to  induce 
corro ion damage in t inllp . A con tant current of 20 rnA (0.02 A) that corresponded to 
a current d n ity of about 1 60 )..l cm2 wa impre ed on the t in-ups by mean of an 
ext mal DC power upply. The orroded ti rrup were connected to the positive terminal 
of the power uppl to act a an anode whi le the stainless teel tube was cOlmected to the 
negati\ e temlinal to act a a cathode. Water mist was sprayed over the specimens to 
fac i l i tate corro ion reaction . The pecimen were ubjected to accelerated corro ion for 
2 5  day and 50 day . The e con'espond to measured reduction in stin-ups cro s ection 
area of °'0 and 1 5°'0, respectively. Photo of test pecimens under accelerated corrosion 
expo ure 1 hO\ n in Figure 3 . 8 .  
3.6. 1 C hemica l  c lean ing  o f  corroded steel coupons  
The ASTM Standard G 1 -90 describes chemical, mechanical and electrolyt ic 
technique to remove the corro ion products from the stee l .  Chemical c leaning is the 
most uitable method to remo e rust product from corroded steel bars. The c leaning 
procedure con isted of the immersion of the corroded steel in a chemical solution for a 
pecified t ime, then wa h ing, drying, and measUling the cross section diameter of the 
teel bars using a cal iber to evaluate the change of cross section caused by corrosion. This 
process was repeated many t imes unti l removal of all corrosion products .  Care was be 
taken whi le  repeating the process to avoid removing the base metal of the corroded steel 
bars. At the end of each corrosion phase and after te ting the beam to fai lure, coupons of 
steel bars were extracted from the corroded zone of each beam. These coupons were 
56  
cleaned of ru t u ing the chemical c leaning procedure recommended by the ASTM G 1 -
99 tandard. Th cro ection diameter of the steel bar was then measured using a 
caliber to determine the redu bon in the cro s sectional area cau ed by corrosion . The 
T tandard recommend I X  different chemical olutions to c lean corroded teel 
bar ; procedure C.3 . 5 in the TM tandard wa used in this study because it works at 
room temperature, require inexpen ive chemical products and shorter times than the 
other procedure . The olution wa made out of 500 mL of concentrated hydroch loric 
acid ( H C L) \ ith 3 . 5 gm of hexamethyl ine tetramine. Reagent water was used to dilute 
the olution to 1 000 mL then i t  wa used to clean a group of steel coupons and was 
frequent ly replaced. S tage of chemical c leaning of corroded steel coupons are shown in  
Figure 3 . 1 1 . 
Power Supply Water network above the specimens 
General view 
Figure 3 . 1 0 : Test specimens under accelerated corrosion. 
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ChemIcals Corroded coupons 
Cleaning of corroded bar Bars after drying 
Figure 3 . 1 1 :  Chemical c leaning of corroded steel coupons. 
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Chemical Corroded coupons 
Clearung of corroded bar Bars after drying 
Figure 3 . 1 1 : Chemical c leaning of corroded steel coupons.  
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3.7 t rengthen ing  Proced u re 
Te t pecimen of Pha e I w re trengthened with ei ther EB-CFRP y tem or 
M-GFRP rebar . tr ngthening procedure of each ystem are described hereafter. 
3.7. 1 E B-C F R P  trengthen ing  p rocedu re 
La out of the E B-CFRP trengthening sy tem is shown schematical ly in  Figure 
3 .  L. Figure 3 . 1 3  show the trengthening procedure using E B-CFRP.  One, two or three 
layer of unidirect ional U- haped CFRP  sheets, 70 mm width each, were bonded to the 
beam ' lateral face . The heet ere placed at a center to center pacing of s( = 1 20 mm. 
The E B-CFRP ystem wa i nsta l led u ing the fol lowing steps : 
• The concrete urface was smoothed using the grinder. 
• Cleaning the concrete surface of dust us ing a high-pressure air jet .  
• The epoxy res in was then appl ied direct ly onto the substrate using a trowel .  
• The carbon fiber fabrics  were then p laced onto the resin  coating. 
• A pressure was appl ied with gloved-hands unti l the resin wa queezed out 
bet\.""een the fabrics  me h .  
• A sealer coat of resin  was then appl ied onto the expo ed surface. 







1 20 1 20 1 20 1 20 1 20 
Al l  d imensions are in (mm) 
Figure 3 . 1 2 : La out of the E B-CFRP trengthening system. 
Surface preparation 
M ixing epoxy Application of CFRPU-wraps 
Figure 3 . 1 3 : E B-CFRP strengthening procedure . 
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3.7.2 ' I -G F R P  trengt hen ing  p roced u re 
Layout of the M-GFRP trengthening y tern hown chematical ly in figure 
3 . 1 4 .The M-GFRP rebar were placed at a center to center spacing of either 1 20 mm 
or 60 mm. The M-GFRP tern wa in tai led u ing the fol lowing steps : 
• Groove , 1 5  mm in width and depth each, were cut on both beam' s  lateral faces . 
• The groove continued wi th holes, 25 mm length each, dri l led tlu'ough the flange 
of the beam. 
• The groove and hole were c leaned of dust and loose part icles by compressed air. 
• The hole , pre-dri l led in the flange, were tota l ly  fi l led with epoxy while the s ide 
groove \vere fi l led halfway with epoxy. 
• The GFRP rebar were i nserted into the grooves and anchored in  the epoxy fi l led 
hole . 
• The GFRP rebar were l ightly pressed unti l the adhesive in  the side grooves 
flowed around the rebars. 
• The grooves were then fi l led with more epoxy adhesive and the surface was 
leveled using a trowel .  
6 1  
d \� 6 GFRP ",b,,, 
Secbon B-B 
� .-, 
a =  600 
'20 120 120 120 120 
150 
NSM-GFRP Strengthening Scheme 1 
No 6 NSM-GFRP rebar @ 1 20mm 
(each face) 
300 
INo 6 N5M-GF"RP rebar ( each face) 
- ,�- ] � ,� 
Section A-A 
0.-, 
a =  600 
90 60  60 60 j EJr-I-� n I-I I  r-n -j 
I SO  
NSM-GFRP Strengthening Scheme 2 
No. 6 NSM-GFRP rebar @ 60mm 
(each face) 
All dimenSions are In (mm) 
Figure 3 . 1 4 : Layout of the M -GFRP trengthening system_ 
es 
Specimen trengthened with NSM-GFRP rebars 
Figure 3 . 1 5 : SM-GFRP application 
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3.7.3 E B- F R P  t rengthen ing  p roced u re \ i th  mec h a n ica l  end anchorage 
Te t 'peClmen of Pha e I i  were retrofitted with EB-CFRP y tern with 
mechanical nd an horage. Retrofitting procedure of this y tern i de cribed hereafter. 
u rface p reparat ion and  C F R P  app l icat ion 
Retrofitt ing of the pre-damaged beam compri ed removal of deteriorated 
oncrete. appl ication of epoxy-based surface repair, surface preparation, wet lay-up 
application of the EB-CFRP,  fol lowed by in tal lation of mechanical end anchorage 
stem. Strengthening of the undamaged beams included only surface preparation and 
wet lay-up appl ication of the EB-C FRP strengthening ystem . For the purpose of 
convenience, the beam were placed upside down during retrofitt ing. The deteriorated 
concrete cover were removed of the pre-damaged beams '  lateral faces and bottom soffi t 
u ing a hand-held chipping hammer, then c leaned with a high pressure water jet . Wooden 
formwork was then erected on the beam ' s  lateral faces to enclose the cavity and maintain 
the repair material in-place unti l hardening. Epoxy-based repai r material was mixed, then 
u ed to fi l l  the cavities on the beams lateral and bottom faces. After hardening of the 
epoxy-based repair materia l ,  surface of the substrate was then moothed using a grinder 
and the web corners were chamfered to a radius of about r1l' = 1 0  mm. The surface was 
then c leaned of dust using a h igh-pre sure air jet .  The epoxy resi n  was appl ied directly 
onto the prepared substrate using a trowel .  Unidirectional U-shaped carbon fiber fabric 
sheets, 70 mm width each, were placed onto the resin  coating. The sheets were placed at 
a center-to-center spacing of Sf = 1 20 mrn .  A pressure was applied with gloved-hands 
unti l  the re in was squeezed out between the fabrics rovings. A sealer coat of resin was 
then appl i ed onto the exposed surface. The lay-up process was repeated when two layers 
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of fabric were u ed. I t  houJd be  noted that for the  pre-damaged beams, two horizontal 
FRP heet 1 90 mOl idth each, with fiber oriented in longitudinal direction, were 
bonded to the beam web one at each side, prior to insta l lation of the vel1ical U-shaped 
CFRP heet . Thi \ a done in an effol1 to minimize opening of existing internal shear 
crack developed during the first shear fai lure and to en ure transfer of load through the 
entIre hear pan of the beam after repair and trengthening dUling the second failure test. 
I ns ta l la t ion of mec h a n ica l  end anchorage 
Pultruded pre-cured composite plates were used for the mechanical end anchorage 
y tern. This type of composite p late i a hyblid carbon and gla s fiber composite with 
vinylester matri x  ( Lamarula et al . 200 1 ,  Lee et al . 2009) .  A typical composite plate has a 
thickne of 3 .2 mm, e lastic modulu of 68 .3  GPa, and tensi le strength of 848 M Pa 
( Lamanna et a l .  200 1 ,  Lee et a1 .  2009) . On the complet ion of the lay-up process two 50 
mm x 1 00 mm pre-cured composite plates were bonded longitudinal ly on top of each 
impregnated C F RP heet, one at each ide, direct ly  below the flange. The ends of the 
wet- impregnated CFRP  heet were rol led over the pre-cured composite plates, and then 
ecured t ight ly by overlapping them with additional pre-cured composite plates forming a 
andwich composi te panel ( SC P) with a three- layer connection ( Ortega et a l .  2009) .  Prior 
to instal lation of the pre-cured composite plates, their surfaces were coated with resin. An 
additional coat of resin  was a lso appl ied on parts of the impregnated CFRP sheets in 
contact with the pre-cured composite plates to enhance the bond at the interface. 
The CFRP  sandwich composites panels  ( SC P) were mechanical ly fastened to 
concrete using two d ifferent methods. In one method, two, 50 mm apart, powder-actuated 
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fa tener ( P  F )  type 52 M , manufactured by H i l t i ,  were used to fix the CFRP 
andwich panel at  each ide of the beam. The fa teners were 52 mm long and 4 mm in 
diameter. P wder-actuated gun type OX 460 M X  72 was used to fix the fastener into the 
concrete. pe ial cartridge 6, 1 1 1 M BULK green wa u ed as a cbarge for the fastening 
tem. Figur 3.9 how equipment and materia ls  used for trengthening appl ications. 
To pre ent cracking of concrete co er from fastener penetration, holes of 2 mm diameter 
were predri l led into the oncrete to a depth of about 20 mm. Steel washers were used to 
prevent damage of the FRP  plates by heads of the fasteners. In the second method, the 
CFRP sandwich panels ",'ere fixed on concrete surface by using 1 0  mrn diameter threaded 
rods, i .e .  thru-bo l t  (TB) ,  embedded through holes predri l led in the middle of each CFRP 
sandwich panel . S teel wa hers and nuts  were then instal led. The nuts were t ightened on 
the threaded rod unt i l  they reached a snug posit ion. Figures 3 . 1 6  to 3 .2 1 show the 
procedure of appl ying E B-CFRP system with mechanical end anchorage. F igure 3 .22 
show l ayout of the EB-CFRP y tern with mechanical end anchorage. 
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Figure 3 . 1 6 : Removal of damaged concrete and dust c leaning. 
F igure 3 . 1 7 : Wooden f0TI11work fi ed to the repaired area. 
F igure 3 . 1 8 : Beams patch repaired with epoxy. 
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Figure 3 . 1 9 : Beam after gri nding and appl ication of E B-CFRP sheets .  
F igure 3 .20:  Instal lation of the SCP+P AF  end anchorage system . 
F igure 3 .2 1 :  Insta l lat ion of the SCP+TB end anchorage system. 
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EB-CFRP System with SCP+PAF End Anchorage 
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Section A-A A .,J 
EB-CFRP System with SCP+ TB End Anchorage 
All d imensions are in  (mm) 
Figure 3 .22 :  Layout of E B-CFRP strengtheningiretrofitting system 
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3 .8 Te t et- u p  and  I n  tru mentat ion 
The pecim n were tested under three-point bending. The load was applied 
incrementa l l  a t  a di tance a = 600 mm from the  neare t support by means of a hydrau l ic 
Jack unt i l  fai lure. The deflecti n under the load point wa monitored using a l inear 
variable di p lacement tran ducer ( L  V DT) .  E lectrical resi tance train gauge were 
bonded to the intemal teel t i lTUP and ten i le  teel, EB-CFRP sheets and NSM-GFRP 
rebar to mea ure the rtical train as shown in Figures 3 .23 ,  3 . 24 and 3 .25 ,  
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<L SG-S1 & SG-S2: Strain gauges on stirrups ;; 
8 SG-FL: Strain gauge on tensile steel 0 
F igure 3 .23 : Strain gauge locations on intemal stee I bars 
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Figure 3 .24 :  Strain gauge locations on EB-CFRP sheets 
Concrete c l ip  gauges incl ined at 45° were mounted on concrete surface at the mid-
point of the shear span to measure the diagonal compressive and ten i l e  displacement as 
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hown in Figure 3 .26 .  The l ip gaug length \Va 1 00 111111 . A test in progre i s  shown in 
Figure 3 . 27 .  
S(;.{;Fl SG·GF2 ( �--t---t--------!. �""'------"'----"'-----'------"------jf 150 
'1 Stra 0 gauge 00 GFRP ",bars 





<1> SI .. ,n gauge on GFRP rebars 
NSM-GFRP Strengthening Scheme 1 
No 6 NSM-GFRP rebar @ 1 20mm 
(each face) 
NSM-GFRP Strengthening Scheme 2 
No 6 NSM-GFRP rebar @ 60mm 
(each face) 
F igure 3 . 2 5 :  tra in gauge locations on SM-GFRP rebars 






concrete clip gauge concrete clip gauge 
( diagonal tension) ( diagonal compression) 
Figure 3 . 26 :  Locations of d iagonal c l ip gauges 
Figure3 .27 :  A test in progress. 
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C H A PT E R  4 :  E X P E R I M E N TA L  R E S U LTS 
4. 1 I n troduct ion 
Thl  chapter pre ent  th  re  ul t  of the experimental program. The results include 
th mode of fai lure, shear capacity, and deflection re ponse. The load ersus maximum 
mea ured diagonal teo ile di p lacement response, compressive strain response, CFRP 
and GFRP strain re  ponse are pre ented . Other FRP train responses in addition to 
t irrup train and flexural train respon es are given in Appendix A. Some strain 
reading were not captured because of the malfunction of the corresponding strain gauge. 
4.2 Res u lts  of  P hase I 
4.2 . 1  Corrosion Damage 
A l l  damaged pecimen exhibi ted imi lar vi ual cOITosion-related distress in the 
form of extensive rust stains and vertical cover cracking paral le l  to the cOIToded stirrups 
a hO\\'n in  F igure 4. 1 .  No delamination or spal l ing of concrete cover was observed. 
Figure 4. 1 :  COITosion cracks 
After the structural test to fai lure, steel coupons were extracted from cOlToded 
stirrups then c leaned of rust according to the ( ASTM G 1 -99) .  The diameter of the cross 
7 1  
ectlOn of the corroded oupon were mea ured u ing a cal iber and their cro ection 
area were compared to that of uncoIToded coupon . Average reduction in the stirrup 
cro ection area of °'0 and 1 5°'0 were recorded at 25 day and 50 day of accelerated 
corro ion e po ure, re pecti e ly .  
4.2 .2 Fai l u re Mode 
Typical fai lure modes of test specImens are hown in Figure 4.2 .  The 
un trengthened pecimen exhibited a pure shear mode of fai lure where incl ined shear 
cra k developed in the web prior to in i tiation of any flexural cracks .  The incl ined cracks 
were then propagated at an average angle of approximately 40° and almost horizontal ly 
a they reached the upport and the compres ion table. As  the load progressed existing 
cracks widened and increased in length . More shear cracks developed with increased load 
rendering a more wide pread cracking pattern at the onset of fai lure ( Figure 4 .2a) .  
The beam strengthened with the E B-CFRP system fai led by sudden detachment 
of the EB-CFRP sheets accompanied by separation of both concrete side covers at the 
teel st irrups level (F igure 4.2b).  Inspection of the detached CFRP sheets revealed that 
concrete \ a adhered to the CFRP  which indicates that crushed concrete web-struts 
pu hed the C FRP  sheets l atera l ly  rendering separation/detachment of the strengthening 
system. 
The beams strengthened with the l ower SM -GFRP reinforcement ratio, sr 1 20 
mm, fai led by fomlation of vert ical cracks at the adhesive-concrete interface. This led to 
detachment of the adhesive b locks of the grooves individua l ly. Spal l ing of side concrete 
cover between grooves was also observed at the onset of fai lure ( Figure 4 .2c ) .  For the 
beams strengthened with the h igher NSM-GFRP reinforcement ratio, sr 60 mm, fai lure 
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ccurred by 'eparation of both ide concrete cover of the beam 's lateral face at the 
t imlp I vel due to the re lati e pro imi ty of the SM-GFRP rebars ( Figure 4. 1 c ) .  0 
debonding of GFRP rebar wa ob en/ed. Thi wa identified by the pre ence of adhesi e 
on th GFRP rebars after fai lure. 
Gncorroded-unstrengthened 
Corroded-strengthened ( EB -C F RP ,  1 layer) 
Corroded-unstrengthened 
(a) 
Corroded-strengthened ( E B-CFRP. 3 layer) 
( b )  
Corroded-strengthened ( SM-GFRP, sl = 1 20mm) Corroded-strengthened ( N SM-GFRP. sl = 60mm) 
(C) 
Figure 4 .2 : Typica l  fai lure modes; (a) un-strengthened specimens, (b)  specimens with 
EB-CFRP sy tem, ( c )  pecimens with NSM-GFRP system. 
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4.2.3 hear  a pac i t)' 
R ult  of group [ ] indicate that the reduction in hear capacity attributable to 
COITO ion \\,a almo t proportional to the t inLlp cro ection los . About 1 0  and 1 50 0 
reduction in the hear re i tance were recorded at 8% and 1 5% los es in the t i rrup 
cro ct ion area, re pect ively. 
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Both E B-CFRP and SM-GFRP sh-engthening systems were effective in 
improving the shear capaci ty of the specimen wi th corroded st irrups, but the 
strengthening effectiveness was affected by the level of corrosion and FRP shear 
reinforcement ratio .  A t  the lower st irrups corrosion of 8%, shear strengthening with one 
l ayer of E B-CF R P  sheets and S M-GFRP rebars at s,F 1 20 mm increased the shear 
capacity by about 22% and 1 5% respectively. The shear capaci t ies of the strengthened 
beams at 8% corrosion were even h igher than that of the control uncorroded beam, CO-
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· . lncrea ing the level of st irrup COlTO Ion reduced the effectiveness of both 
trength ning ystem . Only % and 7% gains in hear capaci ty were recorded at the 
higher t irrup corro ion of 1 5 ° 0, after trengthening with one layer of EB-CFRP heet 
and -GFRP rebar with SF 1 20 mm, respectively. It is  beli eved that the heavi ly 
corroded ertical legs of t i lTUP created two weakened plans at the stirrups level ,  one in 
each concrete ide cover. This promoted early debonding of stirrups, accelerated 
eparation of the ide concrete covers thus rendering a premature detachment/fai lure of 
the trengthening system. The improvement in shear capacity at the higher s6rrups 
corro ion of 1 5° ° wa affected by the FRP  shear reinforcement ratio .  The gain in shear 
capac i ty increa ed with increased number of CFRP layers or reduced spacing between 
S M-GFRP rebars. Two and three layer of E B-CFRP increased the shear capacity of the 
corroded beam by about 20%, on average, and 29%, respectively. S imi larly, decreasing 
the pacing bet\veen the SM-GFRP rebars from 1 20 mm to 60 mm increased the gain in 
hear capacity from 7°'0 to 22%, on average. I t  should be noted that both strengthening 
system were not capable  of re toring the hear capacity of tbe corroded beams at t i lTUPS 
corro ion of 1 5% when low ratio  of FRP  shear reinforcement were u ed. The higher 
FRP  shear reinforcement ratios in both systems could, however, restore the shear capacity 
of the corroded beam at the arne level of stirrups corrosion of 1 5%. 
It is interest ing to notice that the shear capacit ies of the beams C 1 -EB 1 and C2-
E B I strengthened with E B-CFRP sy tem were comparable to those of their counterparts 
C l - SM l and C2-NSM l ,  respectively strengthened with the SM-GFRP ystem. 
S imi larly, the average shear capacity of the beams C2-EB2 and C2-EB2R was 
comparable to that of their counterparts C2- SM2 and C2-NSM2R. This indicates that 
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comparable gam in hear capacit \ ould be obtained for both composite-based stem 
ha i ng a im dar FRP  hear reinforcement index, ErAji! b"sr Further research and 
e 'perimental evidence are needed to confirm this finding. 
4.2.4 Detl ction Re pon e 
The load-deflection curve of test pecimens are depicted in Figure 4 .3  to 4.6.  
The curve of the control uncorroded beam, CO- S, and the cOITesponding corroded-
un trengthened beam were included in the figures of the strengthened groups, [B ] ,  [C] ,  
and [D] ,  for the purpose of compalison. 
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Figure 4 .4 :  load-deflection curves of group [B ]  
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Figure 4.5: l oad-deflection curves of group [C]  





120 -- C2·NSM1 
-- C2·NSM2 
z 100 -- C2·NSM2R 6 






o 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 
Deflection (mm) 
F igure 4 .6 :  load-deflection curves of group [D]  
The specimen featured a quas i - l inear load-deflection behavior up  to  the peak 
load. The sti ffnes of the corroded unstrengthened beams of group [A]  was not affected 
by corro ion despite the reduction in hear resi stance. The EB-CFRP strengthening 
ystem had no effect on the beam st iffness. The specimens strengthened with the SM-
GFRP y tem exhibi ted a s l ightl y  reduced st iffness relat ive to  that of  the unstrengthened 
beam . This was more evident at the higher l evel of st irrups corrosion ( i .e .  specimens of 
group [DJ) .  It is bel ieved that the SM reinforcement and the groove fi l ler adhesive 
created a sign ificant d ifference in  sti ffness between the side concrete covers and the core 
of the beam. This may have induced early fom1ation of internal cracking at the interface 
between the concrete core and side covers which reduced the beam st iffness. The beams 
strengthened wi th the EB-CFRP system exhibi ted sudden drop in load at the peak value 
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due to udd n detachment of tbe FRP beet . Thi wa not observed in the beam 
trengthen d with the M-GFRP Y tern where fai lure was Ie bri tt le and more 
gradua l .  The beam trengthened \ i th the M-GFRP Y tern exhibited Ie st iffnes 
degradation in the po t-peak tage relati e to that of tbeir counterparts strengthened with 
the EB- FRP y tem. 
4.2.5 Diagona l  Deformat ion Acro C racks 
The effect of the EB-CFRP  strengthening on the diagonal ten i le deformation is  
shown i n  Figure 4. 7 . 
1 60 ,-------------------_ 
140 C2-EB2R 
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- 1 00 z 2S 
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Figure 4 .7 :  Effect of EB-CFRP trengthening on diagonal defom1ation across cracks. 
At the same level of stirrups cOITosion of 1 5%, the specimens strengthened with 
two and three layers of E B-CFRP system showed s igns of d iagonal cracking at almost 
same load as that of the corresponding corroded-unstrengthened pecimen . The specimen 
C2-EB 1 with one layer of E B-CFRP showed sign of diagonal cracking at a load value 
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I e  than that of th ir count rpart . After crack in i t iation, the EB-CFRP y tern re ulted in 
a ign ificant reduction in the rat of increa e of the diagonal deformation aero crack 
relatIve to that of the corroded un trengthened beam. The rate of increase of the dia aonal to 
deformation aero crack reduced with increa ed number of CFRP layers. 
The effect of the SM-GFRP trengthening on the diagonal tensi le  displacement 
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F igure 4.  : E ffect of S M-GFRP trengthening on diagonal deformation across cracks 
At the same level of st irrup corrosion of 1 5%, the pecimens strengthened with 
SM-GFRP system showed s igns of diagonal cracking at a load value less than that of 
the corroded unstrengthened specimen. This is  because of the difference in  sti ffness at the 
interface between the s ide concrete covers and the core of the beam attributable to 
presence of grooves and epoxy which promoted crack in i tiation. The formation of early 
cracks  in the specimens strengthened with the N SM-GFRP system is consistent with the 
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reduced ti ffne exhibi ted by the arne pecimen relati e to that of the unstrengthened 
pecimens. The SM-GFRP y tern reduced the rate of increase of the diagonal 
defonnation a ro crack in the post-cracking tage relative to that of the corroded 
un trengthen d pecimen. Th diagonal deformation across cracks continued to increase 
at almo t a con tant rate up to fai l ure for pecimen C2- SM2, with the h igher NSM­
GFRP hear reinforcement rat io .  For pecimen C2-NSM 1 with the lower SM-GFRP 
shear reinforcement ratio. the diagonal defoID1ation acros cracks continued to increase 
up to a load yalue of about 1 1 5 kN, beyond which the curve exhibi ted almost a plastic 
re pon e. 
4.2.6 Diagona l  Comp res i e Stra in  in Concrete 
The load versus diagonal compressive strains 1 1 1  concrete at stirrups COlTOSlon 
Ie e l  of 8°'0 and 1 5°'0 eros section losses are hown in  Figures 4 .9 and 4. 1 0 , 
re pectively. At st irrups corrosion of 8° 0, the unstrengthened specimen C 1 - S exhibited, 
genera l ly. h igher diagonal  compressi e strains than those exhibi ted by the strengthened 
specimen C 1 -E B  1 and C 1 - S M  1 .  Both FRP shear strengthening systems increased the 
diagonal compressive train at peak load . 
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Figure 4 .9 :  Load-diagonal compre s ive strains relationships at 8% StilTIlPS corrosion. 
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Figure 4. 1 0 : Load-d iagonal  compressive strains relat ionships at 1 5% StilTIlPS corrosion. 
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The com pre e concrete trut of the trength ned specimen C I -EB I and C 1 -
M I trained at a ery low rate up to in i tiation of diagonal cracks at about 60 kN . After 
crack 1 I1 i t iat ion, the diagonal compre ive strain in the strengthened specimens increased 
but at a h igher rate .  The rat of increase of the diagonal compre ive strain wa higher for 
pecimen C 1 - 1 relative to that of specimen C I -EB  1 .  At a diagonal compres ive 
train of about 2000 )1E, specimen C I -EB I reached the peak load whereas specimen C I ­
M l  began to feature almost a plast ic response unt i l  it fai led at a diagonal compressive 
train of about 4500 )1E. At t inups cOlTosion of 1 5%, the specimens strengthened with 
the M-GFRP ystem tended to exhibit  h igher compressive strains than those exhibi ted 
by their counterpart strengthened with the EB-CFRP system. Increasing the amount of 
CFRP heets reduced the rate of increa e of compressive strains in tbe post-cracking 
stage. Tbe d iagonal compressive strains in  tbe po t-cracking stage continued to increase 
up to a thre bold l imi t  beyond wbicb the curves exhibited omewhat a p lastic response 
unt I l  fai lure. Tbi threshold wa in  tbe range of 1 300 )1E to 2300 )1E. Prior to reaching this 
t hre hold, specimen C2- SM2 with the higber SM-GFRP reinforcement ratio showed 
h igher compressive strains than tho e exhibi ted by specimen C2-NSM 1 with the lower 
SM-GFRP reinforcement ratio .  This  is possibly because of the early fonnation of 
internal cracks at the interface between the concrete core and side covers caused by the 
increased number of s ide groove and epoxy adhesive in specimen C2-NSM2.  At the 
onset of fai lure, specimens C2-EB2R and C2- SM2 with the higher FRP shear 
reinforcement rati os exhibited h igher diagonal compres ive stra ins than those of their 
counterparts C2-EB l and C2- S M 1 respectively with the lower FRP reinforcement 
ratios. 
83 
4.2 .7  t ra in  Re pon e of  F R P  hear  Rei n forcement 
Figur 4. 1 1  hov the effect of EB-CFRP hear reinforcement ratio ( number of 
FRP lay r ) on the max imum measured CFRP train . 
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Figure 4. 1 1 : E ffect of amount of EB-CFRP hear reinforcement on CFRP strains. 
From this figure, i t  can be seen that the curves had the same tendency where the 
CFRP train re ponse fea tured three phases during loading. In the ini t ia l  tage, prior to 
crack in it lat ion, the CFRP did not contribute to shear resi stance. In the second stage, the 
CFRP began to strain at an app l ied load of approx imately 50 kN, on average. The rate of 
i ncrease of the CFRP strain in the second stage reduced with increased number of EB-
CFRP sheets. The CFRP strain continued to increase as load progressed up to a certain 
threshold beyond which the CFRP strain started to decrease .  The higher the number of 
the C F RP layers the lower the value of this threshold. In the third stage, the CFRP strain 
decreased a the load increased unti l the beam reached the peak load. It i s  bel ieved that 
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local debonding ccurred at the end of the econd pha e which cau ed the CFRP strain to 
decrea e 1 11 the third tage. 
The effect of M-GFRP hear reinforcement ratio on the maximum measured 
GFRP train i hown 111 Figure 4 . 1 2 . 
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Figure 4. 1 2 :  E ffect of amount of NSM -GFRP shear reinforcement on GFRP strains. 
Specimen C I -NSM I with the lower SM-GFRP reinforcement ratio  exhibi ted 
h igher GFRP strains than those exhibited by specimen C l - SM2 with the higher SM-
GFRP reinforcement ratio .  The NSM -GFRP strain response featured three phases. In the 
fIrst phase, the GFRP rebars had almost no contribution to the shear res istance. In the 
second stage, the SM-GFRP rebars started to strain at a load value of about 50 kN on 
average. The strain in  the S M-GFRP rebars continued to increase at a constant rate up 
to a load value of about 1 1 0 kN for specimen C2- SM I and 1 25 kN for specimen C 1 -
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1 M2.  in the third rage, the curve howed almost a pia t ic re ponse up to the peak 
load. 
4.3 Resu l t  of  Ph ase I I  
A total of 1 4  te t were performed on eight RC beams with a T-shaped section . To 
repre ent a evere damage condition, fi e beams were te ted to fai lure, retrofit and 
strengthened, then retested to fai lure for a econd t ime. 
4.3 . 1  Fai l u re M ode 
Fai lure modes of pecimens U-NS and D-PR that were not strengthened with EB­
CFRP are hmvn in Figure 4. 1 3 . The e specimen exhibited a pure shear mode of fai lure 
where diagonal  tension hear cracks developed in the web prior to ini tiation of any 
flexural crack . The shear cracks were then propagated at an average angle of 
approximately 45° and almost horizontal ly as they reached the support and the 
compression table .  A the load progre sed, more shear cracks developed rendering a 
more widespread cracking pattern at the onset of fai lure. 
Specimen u- S Specimen D-PR 
Figure 4 . 1 3 : Typical  fai lure mode of specimens with no EB-CFRP strengthening 
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Fai I ure mode of the EB-CFRP trengthened pecl men of group [A] and [B]  are 
d pl ted in Figure 4 . 1 4  and 4. 1 5  re pect ively .  pecimen U-EB I and U-EB2 from 
group [ ] and O-EB l -P F and D-EB2-P F from group [8 ]  fai led by sudden detachment 
of the EB-CFRP heet accompanied by eparation of both concrete side covers of the 
beam ' s  lateral face at the tee I s t i nups leve l .  Inspection of the detached CFRP sheets 
revealed that concrete \ a adhered to the CFRP which indicates that separation! 
detachm nt of the trengthening ystem was due to excessive shear defonnation rather 
than CFRP debonding. Thi was more e i dent in specimens D-EB I -PAF and 0-EB2-
PAF with C P+PAF mechanical end anchorage. Specimens O-EB I -TB and 0-EB2-TB 
fai led in hear by web-crush ing ( i . e .  diagonal compres ion shear mode of fai lure ) .  
Longi tudinal spl i tt ing cracks were observed at the top surface of the beam at the peak 
load. The use of SCP+ TB mechanical end anchorage prevented detachment and/or 
eparatioQ of EB-CFRP sheets, and hence a l lowed the beam to develop i ts  ful l  shear 
capaci ty .  The over-strengthening for shear combined with the low concrete compressive 
trength may have contributed to the development of these longitudinal spl i tt ing cracks at 
the top surface. A simi lar mode of fai lure was reported in the l i terature by other 
re earcher for beams wi th a rectangular cross section over-strengthened for shear by 
CfRP wraps ( Khal ifa and anni 2002) .  Rupture of the E B-CFRP sheets was observed at 
the bottom comers of the web in specimen D-E B2-TB at the onset of fai lure ( i .e .  at the 
end of post-peak stage). As impl ied from above, the effectiveness of the mechanical 
anchorage ystems was dependant on the method of fix ing/fastening the SCP to the 
concrete. For the SCP+PAF anchorage system, the sudden detachment of the EB-CFRP 
sheets and separation of both concrete side covers was due to the fact that the PAFs were 
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not recommended for cracked concrete a pro ided by the manufacturer. The use of other 
anchorage, bolt recommended for cracked concrete such a expansion anchor bolts 
and or threaded bolt would be more effective than the PAFs. The u e of SCP+ TB 
mechal1 1cal end anchorage prevented detachment and/or eparation of EB-CFRP sheets 
and hence aI IO\�\'ed the beam to develop its fu l l  hear capacity although it wa insta l led 
below the compre sion flange. S imi lar effective anchorage systems were used 
ucce fu l ly  by Ortega et a l .  ( 2009) and Kim et al. ( 20 1 1 ) . Accordingly, i t  is  bel ieved that 
the effectiveness of the anchorage system uti l i zed in  the present study was mainly 
dependent on the type of anchorslbolts used to fix the SCP rather than the anchorage 
location. 
Front \'iew Side view 
Specimen U-E B I  
Front view Side view 
Specimen U-EB2 
Figure 4. 14: Fai lure mode of EB-CFRP strengthened specimens of group [A] 
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Front \ iew Side view 
pecimen D-EB 1 -PAF 
Front view Side view 
pecimen D-EB2-PAF 
Specimen D-EB 1 -TB Specimen D-EB2-TB 
Figure 4. 1 5 : Fai lure mode of E B-CFRP strengthened specimens of group [B ]  
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4.3.2 hear Capaci ty 
Th e perimental value of the FRP contribution for specimens of group [A] 
were obtained by ubtracting the average hear capacity of pecimen U- S and those of 
pecimen of group [ 8] recorded in  the first te t prior to retrofitting, from the shear 
capacity of the CFRP  hear- trengthened beam . 8a ed on the results of specimen D-PR, 
i t  wa a um d that  the shear capacity of a damaged beam patch-repaired with epoxy, 
prior to CFRP retrofitt ing \ as about 900 0 of the oliginal shear capaci ty recorded in the 
fir t hear te t to fai lure ( i .e .  O. 9 Vorg) .  Accordingly for specimens of group [B ] ,  the 
experimental values of the CFRP connibution were obtained by subtracting 90% of the 
original hear capaci ty recorded in  the first test, prior to retrofitting, from the shear 
capacity of the CFRP-strengthened beams recorded in  the econd test ( i .e .  Vj.e\p= Vnell -
O. 9 Vorg) .  
Table � . 2 :  Test re u l ts of Phase I I .  
Shear 
Original loads New load re j tance 
( fi rst shear fai lure) ( econd shear fai l ure) by CFRP, 
VI Rat io Group Specimen Vne,,/T roFg Load a hear Load aSbear 
Capacity res istance Capacity re i stance (kN) 
Porg( ) Vorg (kN) Pl1e,, ( kN) v, .. w (kN ) 
U- 'S 1 1 6 93 b83 66 - 0.7 1 
[A]  U-EB 1 1 30 1 04 - - 1 5 .2 -
U-EB2 1 28 1 02 - - 1 3 .2 -
D-PR 1 07 86 97 78 - 0 .9 1 
D-EB I -PAF 1 1 1  89 1 30 1 04 24 1 . 1 7  
[B)  D-EB2-PAF 1 1 2 90 1 30 1 04 23 1 . 1 6  
D-E B I -TB 1 05 84 1 52 1 22 45 1 .45 
D-EB2-TB 1 1 5 92 1 50 ] 20 3 7  l . 30 
· V=0 8P. 
h This beam has been reloaded to fai lure without being strengthened. 
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Re ults of pecimen U- from group [A]  indicate that a lender RC beam, after 
fir t hear fai lure, can t i l l  maintain approximately 70% of i t  original hear capacity 
when reloaded back to fai lure. Re ul t  of the arne group indicate that trengthening of 
undamaged RC beam \ i th one layer of EB-CFRP ystem without end anchorage 
re ulted in about 1 2° 0 increa e in hear capacity. Increa ing the number of EB-CFRP 
layer did not re  ul t  in a fw1her increa e the beam hear capacity. This  is  because of the 
premature detachment of the EB-CFRP heet occurred due to propagation of shear 
crack alma t horizontal ly directly below the flange which caused the beams with the 
greater amount of EB-CFRP to fai l  at an effect ive CFRP strain lower than that recorded 
for the beams wi th the Ie amount of EB-CFRP.  
Resul t  of group [B ]  indicate that the use of epoxy-patch repair solely can restore 
about 90° 0 of the origi nal beam hear capacity. Retrofitting of severe ly shear-damaged 
RC beam wi th EB-CFRP in combination with a mechanical end anchorage fully restored 
the original shear capacity. The shear capac ity of the pre-damaged beams after 
retrofitt ing with EB-CFRP and mechanical end anchorage was even h igher than the 
ori gi nal shear capaci ty of the beams recorded at the first shear fai lure. The gain in shear 
res istance depended on the fastening method used to fix the sandwich composite panel 
( CP ). The use of thm-bolt (TB)  to fix the SCP was more effective than the use of the 
powder-actuated fasteners ( PAF) .  The shear capacity of the beams retTofitted with EB­
CFRP system mechanica l ly anchored with SCP+TB was about 30 to 45% higher than the 
original shear capaci ty of the beam recorded at the first shear fai l ure. For the pre­
damaged beams retrofitted wi th E B-CFRP system mechanical ly anchored with 
SCP+PAF, the shear resi stance increased by 1 6 . 5%, on average, relative to the original 
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hear capa i t  recorded in  th fir t hear fai lure. Thi i becau e the use of CP+PAF end 
anchorage y tern d layed detachment of the EB-CFRP trengthening system wherea the 
u of CP+ TB end anchorage y tern pre ented detachment of the EB-CFRP and 
al lowed the beam to develop it ful l  hear capacity by fai lure of concrete truts. 
lncrea ing the number of EB-CFRP layer had no effect on the shear res i stance of the 
retrofitted beam . Thi is becau e for the beam retrofitted with EB-CFRP system and 
C P+PAF mechanica1 end anchorage, the effective CFRP strain reduced with increased 
number of EB-CFRP la ers. The beams retrofitted with EB-CFRP system mechanical ly 
anchored with SCP+ TB y tern were over- trengthened for shear and thus fai led by 
cru hing of diagonal concrete trut . This indicates that the shear capacity of the beam 
with CP+ TB end anchorage ystem was dedicated by the concrete compressive strength 
and the beam cro s section dimension rather than the amount of the E B-CFRP.  Therefore, 
increa ing the amount of E B-CFRP had no further effect on the gain in shear capaci ty. 
4.3.3 Deflect ion Response 
The load-deflection curve of specimens of group [A] are depicted in F igure 4. 1 6 . 
From this figure i t  can be seen that the st iffness of the control beam, U-NS, during 
reloading ( second test to fai l ure) was about 20% less than its original st iffness. Shear 
strengthening of undamaged beam with E B-CFRP had no effect on the beam st iffness. I t  
i s  interesting to note that the st iffness of the strengthened beams in the post-peak stage 
reduced at almost a constant rate down to a load value of about 80 kN that was alma t 
equal to the second fai lure load of the unstrengthened beam. Beyond this value of load, 
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F igure 4 . 1 6 : Load-deflection curve of specimens of group [A] .  
The load deflection curves for speClIDens of group [B )  are shown in Figures 
4 . 1 7to 4 .2 1 .\Vhen the fir t fai lure load was reached the load wa removed entirely, epoxy 
patch surface repair wa appl ied, tben EB-CFRP system in combination with end 
anchorage wa installed. The second te t was then started and all measurements were 
recorded again .  The deflection response of specimen D-PR was s imi lar to that of the 
control specimen U- S .  Sbght s t iffness reduction was a lso recorded in the  second shear 
test of specimen D-PR.  From the l oad-deflection curves of other specimens of group [ B) 
that were retrofitted with EB-CFRP after being patch-repaired with epoxy, i t  can be seen 
that the st iffness of the retrofitted specimens in the first and second load tests was 
insign ificantly d ifferent. The use of EB-CFRP in combination with SCP+PAF 
mechanical end anchorage system had no effect on nei ther the beam ducti l i ty nor the rate 
of sti ffness degradation in the post-peak stage relat ive to those of the EB-CFRP 
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trengthened beam of group [ ] .  In contra t, the u e of CP+TB mechanical end 
anch rage y tern ign ificantly reduced the rate of st iffne degradat ion in the post-peak 
tage, and hence remarkably impro ed the beam ducti l i ty. Becau e of the proper end 
anchorag provided by the C P+TB ystem and hence the effective confinement 
provid d b the E B-CFRP wrap , the beam could undergo ign ificant defomlation after 
the p ak load without col lap e, debonding and/or detachment of EB-CFRP strengthening 
y tem. Increa ing the number of the EB-CFRP layers had no effect on the deflection 
re pon e of the beams having SCP+PAF mechanical end anchorage system . For the 
beam ha ing SCP+ TB mechanical end anchorage system,  increasing the number of EB-
CFRP layer l ight ly  impro ed the beam ducti l i ty as manifested by the increased area 
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F igure 4 . 1 7 : Load deflection curves of specimen D-PR 
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Figure 4 .2 1 :  Load deflection curves of specimen D-EB2-TB 
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4.3.4 Diagona l  Deformat ion c ro Crack 
The load vel' u diagonal tensi le displacement curves for pecimens of group [A] 
and that of pecimen D-PR fr m group [B] are depicted Figure 4.22 and 4.23,  
re pectively. From thi  figur , i t  can be een that the control unstrengthened specimen, U-
howed 19n of diagonal cracking at a load value of about 40 kN . Shear 
strengthening with E B-CFRP l ightly increa ed the cracking load. After crack ini t iation 
the EB-CFRP y tem reduced the rate of increase of diagonal defonnation acros cracks 
relative to that of the control un trengthened beam. The rate of increase of diagonal 
deformation aero s crack reduced with increased number of EB-CFRP layers . Specimen 
U- hO\\'ed a p Ia t ic  response prior to reaching i t  peak load. The trend of the diagonal 
ten i l e  di p lacement curves of specimen D-PR from group [B ]  during the second shear 
te t to fai lure ( i .e .  after being patch-repaired with epoxy) was s imi lar to that recorded in  
the fir  t hear te t prior to strengthening. H owever, the specimen exhibited higher 
diagonal di p lacement across cracks in the econd shear test relative to that of the fir t 
hear test. This i s  because of re-opening of existing intemal cracks during the second test 
at a load value of about 20 kN which i about 50% lower than the ini t ia l  cracking load 
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Figure 4.2 3 :  Load-diagonal tensi l e  displacement for specimen D-PR 
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The load er u diagonal ten i le di placement curve for peClllen of group [ B] 
ar depl ted in Figure 4 .24t 4 .27 .  The respon e of pecimen O-E B2-TB in the first 
h ar te t to fai lure wa not recorded due to malfunction of the c l ip  gauge. For other 
pe imen of group [B ] ,  the diagonal ten ile di placement re ponse in the fir t test was 
different than that record d in the econd te t .  In the fir t te t to fai lure, prior to 
retrofitt ing, the diagonal ten i le di placement featured three pha es during loading similar 
to tho e of the control p c imen U - S .  The fir t phase tal1ed from zero load and ended 
at the cracking load. 0 diagonal tensi le displacement wa recorded in pre-cracking 
pha e. In the econd tage, after crack in i tiation, the diagonal tensi le displacement 
increa ed at almo t a constant rate up to a load value corresponding to about 95% of the 
peak load. In the third stage, the diagonal tens i le  displacement showed almost a plastic 
re pon e. The diagonal ten ile d i  p lacement in the second shear test, after retrofitting, 
howed almo t a l inear respon e up to the peak load . The number of E B-CFRP layer and 
type of end anchorage had no effect on diagonal tens i le  displacement response recorded 
in the econd test to fai l ure . Howe er, it is evident that the rate of increase of diagonal 
deformation across cracks after retrofitt ing was significantly lower than the rate of the 
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Figure 4 .27 :  Load-diagonal tensi le  displacement curves for specimen D-EB2-TB.  
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4.3.5 D iagona l  Compre ion Re pon e 
The load-diagonal oncrete c mpre sive train cur es for specimens of group [A]  
are ho\\ n in Figure 4 .28 .  The un trengthened pecimen U- S exhibited almo t a tri ­
Imear diagonal compre iv train re pon e .  In  the fir t tage the diagonal concrete truts 
\ ere not trained w1t i l  in i t iat ion of diagonal crack . After crack in i tiation, the diagonal 
compre 1 e train increa ed rapidly unti l  the beam reached a compre sive strain of 
about 0 .002 after which the strain ful1her increa ed but at a lower rate unt i l  the beam 
reached it peak load at a train alue of about 0 .003 . The diagonal compressive strain 
re pon e for the trengthened pecimens U -E B I  and U-EB2 featured three phases. No 
train were recorded in the pre-cracking tage. Fol lowing crack in i tiation, the concrete 
trut trained at a rate lower than that recorded for the un trengthened specimen U-NS .  
For t he  E B-CFRP strengthened specimens, t he  diagonal compres ive strains cont inued to 
i ncrea e in  the po t -cracking tage up to a tille hold l imi t  beyond which the curves 
exhibi ted ome\vhat a p ia tic response.  This threshold was in the range of 0.0025 to 
0 .0035 .  At peak load the EB-CFRP strengthened pecimens exhibi ted higher diagonal 
compressive strain  than that exhibited by specimen U-NS .  
The d iagonal concrete compre sive strain curves for the retrofi tted specimens of  
group [B ]  recorded i n  t he  second test t o  fai l ure are p lotted in  Figure 4 .29 .  The response of 
specimen D-EB I -PAF  was not recorded due to malfunction of the cl ip gauge. From thi 
figure, it can be seen that the concrete struts strained from the very beginning of the 
second hear te t to fai lure because of the presence of intemal cracks ini t iated earl ier 
during the first shear test . The specimens exhibited a quasi - l inear response up to the peak 
load. The rate of i ncrease of diagonal compressive strain in specimens D-EB 1 -TB and D-
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EB2-TB \'. i th P+ TB mechanical end anchorage y tem wa in ign ificantly different .  
However, i t  I evident that the use of SCP+ TB mechanical end anchorage ystem 
remarkabl reduced the rate of increa e of the diagonal compre ive strain re lative to that 
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Figure 4 .29 :  Load-diagonal compressi e train curve for specimen of group [B ] .  
4.3.6 S t ra in  i n  C F R P  Sheets 
Figure 4 .30 to 4.32 show the load versus maxImum measured CFRP train 
re pon e of test specimens. For specimen U-EB 1 and U-EB2 that were not damaged 
prior to retrofi tt ing the CFRP strain re ponse featured three phases during loading as 
hown in F igure 4 .30 .  In the in i t ia l  pre-cracking stage, the CFRP did not contribute to 
hear re i tance. In the second stage, the CFRP began to strain at an appl ied load in the 
range of 45 to 50 kN .  The rate of increase of the CFRP strain in  the second stage reduced 
with increa ed number of E B-CFRP layer . The CFRP strain continued to increase as 
load progressed up to a certain threshold, i .e .  effective CFRP train, beyond which the 
CFRP strain started to decrease. The effective CFRP strain measured in  specimen U-EB2 
with two EB-CFRP layer was about 40% of that of specimen U -E B I  with one layer of 
EB-CFRP.  This  explains why increasing the number of CFRP layers had no effect on the 
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gam 111 hear capaci t  attributable to EB- FRP strengthening. In the third stage, the 
FRP train decren ed a the load progre ed unti l the beam reached i ts peak load. It i 
bel ieved that local debonding occurred at the end of the second pha e which cau ed the 
FRP train to decrea e in the third stage. This is con i tent with other observations 
reported in  the l i terature ( Bou elham and Chaal la l  2006) 
pecimen of group [B ]  exhibi ted a quasi - l inear CFRP strain response up to 
fai lur with alma t no pre-cracking tage a shown in  Figures 4 .3 1 and 4 .32 .  It i s  evident 
that pecimen D-EB2-PAF and D-E B2-TB with the higher amount of EB-CFRP layers 
exhibi ted lower CFRP train than those exhibi ted by their counterpalis D-EB 1 -P AF  and 
D-EB 1 -TB,  re pectively with the lower amount of EB-CFRP layers . The maximum 
CFRP train mea ured in  the pecimen with the higher amount of E B-CFRP layers was 
about 500 0 of that measured in  the pecimen with the lower amount of EB-CFRP layers . 
Thi further explain why no addi tional shear strength gain was recorded as a result of 
increa ing the number of CFRP layer . From the train figures, i t  can be seen that the 
rate of increase of the CFRP strain in the po t-cracking stage for specimen U-EB 1 
without end anchorage wa ign ificantly h igher than that of specimens D-EB I -PAF and 
D-EB 1 -TB with mechanical end anchorage. I t  can also be seen that the rate of increase of 
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Figure 4 .3 1 :  Load-CFRP strain response for specimen D-EB l -P AF and D-EB2-PAF. 
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Figure -+.32 :  Load-CFRP train re pon e for pecimen 0- B I -TB and D-EB2-TB. 
107 
C H A PT E R  5 :  A N A LY T I C A L  I NV E ST I GAT I ON 
5. 1 I n t roduct ion 
In thi  chapter hear re i tance of un trengthened RC beams i s  evaluated, 
intemational code provi ion and analytical models pubJ i  hed in the l i terature that predict 
FRP h ar re i tance ar pre ented. Three different types of strengthening system were 
u ed in thi tudy. These three y tem are E B-CFRP wi thout mechanical end anchorage, 
near urface mounted M -GFRP and EB-CFRP with mechanical end anchorage. The 
- haped analytical fommlas are used to predict the CFRP shear contribution for al l  
beams trengthened with E B-CFRP ystem except beams D-EB I -TB and D-EB2-TB 
where the ful l-wraps analytical formula are adopted. Thi i because these beams did not 
exhibit CFRP debonding/detachment mode of fai l ure . 
5.2 Shea r  Resistance of  U nstrengthened RC beams 
Shear strength of unstrengthened member i s  attained by Equation 5 . 1 which is  the 
urn of the contribution from concrete Ve, and steel st inups Vs, as fol lows : 
( 5 . 1 ) 
A previously mentioned in  the experimental program chapter, beams of the 
present tudy were heav i ly  reinforced in  flexure. Hence when calculating concrete 
contribution to shear strength, longitudinal reinforcement rat io must be taken into 
account. Accordingly, Equation 5 . 2  derived by Zsutty ( 1 97 1 )  for slender beams and 
inc1uded in standard text books on reinforced concrete design (e.g. MacGregor and Wight  
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.... 005) ,  ha been u ed to e timate the alue of Vc. Z uty u ed a combination of 
dimen ional anal i and stati t ical regression to obtain this empirical equat ion. 
I 
TT = 2 .2 ( t· 'P d J 3 (b d)  c . C H H a 
A, 
b" d 
( 5 .2)  
( 5 . 3 )  
Equation 5 .4  give the contribution of  steel stinllps t o  shear res istance for shear 
crack inc l ined at 45°. It i deli ed based on typical tlllSS model .  I t  accounts for st i l11lps 
yielding trength, pacing, dimeo ion and orientat ion. To account for stirrup , a reduction 
factor, Cr, i in troduced i n  Equation 5 .4. 
, _ ( _ ) A, J, d(s in a + co a) T s - 1 0 .0 1 c, s ( 5 .4) 
Due to the large spac111g between stirrups 111 the specnuens of the current 
inve tigation, no delamination of concrete cover occun-ed. Only vert ical cracks paral lel to 
existing t inllps were observed. This would have in ign ificant effect on concrete 
contribution to hear resistance, and hence in the present study it was assumed that Vc 
wa not affected by con-osion. 
Table 5 . 1 shows experimenta l shear res istance Ve.tp, and analytical value, V"' for 
the four control un trengthened beams. These beams are CO- S C I -NS, C2-NS, and U-
S. I t  i s  worth to mention that the experimental shear res istance for specimen U-NS was 
taken from the first shear fai lure. From Table 5 . 1 ,  i t  is evident that the analytical 
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equation gl \ e  on er ative prediction for the nominal hear re i tance of un strengthened 
beam . 
Table 5 . 1 :  Analyt ical and e. perimental hear resistance of un trengthened beams 
Shear Resistance ( kN)  
peCInlen Experimental Analytical Ratio ( VIl / Ve.\p) 
V<'\/J � . c Vs VII= VC+ Vs 
CO-NS 1 08 . 7  45  27 .2  72 .2  0.66 
C I -N S  98.4 45 25 . 1  70 . 1 0 .7 1 
C2-NS 92 . 8  45  23 . 2  68 .2 0.73 
U-NS 93 .0 38 .4 27 .2  65 .6  0.70 
5.3 F R P  Shea r  Resistan ce 
5.3. l I n ternation a l  gu ide l ines/s tandards  for E B-C F R P  shear resistance 
The hear resistance of FRP shear strengthened RC beam can be calculated using 
Equation 5 . 5 .  
( 5 . 5 )  
Analytical approaches o f  four d ifferent intemational guidel ines/standards namely; 
the American ACI  440 . 2R  ( 2008) European fib TG 9.3 (200 1 ), I ta l ian CNR-DT200 
(2004), and Au tra l ian H B  305 ( 2008) for prediction shear re i stance of EB-CFRP,  Vj, 
are reviewed in this section. Thefib TG 9 .3  and H B  305 analytical formulations are based 
on analytical model s  introduced previously by Triantafil lou and Antonopoulos (2000) 
and Chen and Teng (2003 ), respectively. 
5.3. 1 . 1 AC I  440.2 R (2008)  
The design value of the E B-CFRP shear resi tance, Vjd, according to the ACI 
440 .2R-08 i s  calculated us ing the fol lowing equations . 
1 10 
¢ = 0 .75 
For L·-. hoped wrap : 
K K,L 
h.- - - , � 0.75 
1 1 .900£ 'II 
1f/ = 0. 5 
For tull ... lI,,-apped: 
£ I< = 0 .004 :$ 0 .75£ h, 
If/ = 0,95 
5.3 . 1 .2fib TG 9.3 (200 1 ) 
( 5 .6 )  
( 5 .7 )  
(5 .  ) 
( 5 .9)  
( 5 . 1 0 ) 
( 5 . 1 1 ) 
( 5 . 1 2 ) 
The de ign value of the EB-CFRP hear re i tance, V(cl, according to the fib TG 
9.3 (200 1 )  i calculated u ing the fol lowing equat ion . 
K£ 
Vtd = 0.9 --" ErPrb" d( cot B + cot a)  m a  
Y , 
K = O. 
_ { 1 .2 ,  at rup t ure 
Yj - 1 . 3 .  at debonding 
1 1 1  
( 5 . 1 3 ) 
AI P - --I h" .' f 
For l../-shaped \"raps': 
[; f. = 111m 
[ , 1 J
O � 6 
0.65 f�-1-£ , ,, 1 0  P, 1 0  :1 
0. 1 7  l: � � G /11 [ , , 10 (, £ x l O  ' P , 
For /ulh ' l"rapped: 
G r, = 0. 1 7  ( ., ) G ," £ x l O  . 'P [ ' 1 1° (>7 l-
Ke, :::; 0.005 , 
5.3 . 1 .3 Cl\' R-DT200 ( 2004) 
( 5 . 1 4 ) 
( 5 . 1 5 ) 
( 5 . 1 6 ) 
The de ign \ alue of the EB-CFRP hear re i tance, Vld, according to the C R-
DT200 ( 2004) i a lculated u ing the fo1 1O\ ing equation . 
r '  
= 
0.9 A,fft
d( cot B T cot a )  
fd IRJ r 
I RJ = 1 .2 
For [I-shaped \traps: 
1 12 
( 5 . 1 7) 
( 5 . 1 ) 
For full) ' H'rapp �d: 
fer", = 0. 3(/ f 1 
I 2 - w) ( in a )  ------ � l 
1 + \ 1 '/ 400 
r r rh - 0 ") 1 6 -" 0 < -" < 0 5 '¥ R .- -r .  , - _ . b" b" 
5.3 . 1 .4 H B  305 (2008) 
( 5 . 1 9) 
( 5 .20) 
( 5 .2 1 ) 
(5 .22)  
( 5 .23 ) 
The de i gn value of the E B-CFRP hear re i tance, Vrd, according to the H B  305 
(200 ) 1  calculated u ing the fol lowing equation . 
1 r 
_ 
A J I, , h i, (cot e + cot a)  ill a 
Jd -
For U- hoped wraps: 
2 1 - co ( JrA. 2 ) 
D = {JrA. in(JrA. 1 2 ) , 
Jr - 2 1 - -- ,  
JrA. 
A. > 1 
1 1 3  
( 5 .24) 
( 5 .25 )  
( 5 .26) 
( 5 .27) 
). = � ; L, 
II " 
LIm = m a  
( I 
-¢R f'lI 
Y ,  
L = l 
/p rro = lllII1 l_1 O. 5{JJ J , � Y ,  V-r;-
{J" = 
For fillh· wrapped: 
D, = 0.5[1 + (.:/ / ':j, )] 
¢R = 0. ; Y I = 1 .2 5 
& /11 > 0.0 1 5 
5.3 .2 A n alyt ical  model for E B-CF R P  shear  re i t ance 
( 5 .2 ) 
( 5 .29 )  
( 5 . 30 )  
( 5 .3 1 ) 
( 5 .32 )  
Thi ection ummanze avai lable ana lyt ical  model pub l i shed in the l i terature for 
predIction of the EB-CFRP hear re i tance. Four analytical model based on the 
effectIve F RP tram are pre ented. These model were propo ed by Khal ifa and anD! 
( 2000), Chaal la l  et a J .  (2002) ,  Pel legrino and Modena (2002 ) ,  and H u et a l .  ( 2003 ) .  
5.3 .2 . 1  Kha l i fa and  � a n n i  (2000)  an alyt ical  model 
The nominal hear re i tance of EB-CFRP, Vln, according to Khal ifa and annl 
(2000 ) analytIcal model i calculated using the fol lowing equat ion . 
1 14 
1 f = A r * fIe ( 1I1 fJ . C fJ) * d, .\ I 
( - R *  ( • ,, - • (II 
O. 622 * (p I' * E"/ ) � - 1 .2 J 
R = lelHf o( 
, 
Uy1 * 1\ '  [ . J. * 7 .9  - 4.06 * (, * E )X I O  0 ]  r. * I ' "I' • II ( I 
0.006 
111 
For ful l  \\fappmg configuration 
H' = d I, t 
For -wrappmg configuratlOn 
H' = d  - L  Ie I t 
5.3.2 .2Chaa l la l  et a l .  (2002)  a nalyt ica l  model 
( 5 .33 ) 
( 5 .34)  
( 5 . 3 5 )  
( 5 .36)  
( 5 .37 )  
111 t h i  model the effect of hear pan to  beam depth rat io wa  taken in account 
\\ hen calculating the nominal hear re i tance by E B-CFRP.  The nominal shear 
re i stance of EB-CFRP,  VIII, according to Chaallal et a l .  ( 2002) analytical model i 
calculated u mg the fol lowing equation . 
= 3 * 1 0  5 * -0.65 22 Get PI01 
( 5 .38 )  
( 5 .39 )  
1 1 5  
P'r)' = 17 lI P II + P,/ ( .40) 
\\ here 
E 
= _I , p PI . p = p, "; E, 
= ----:/ ' ,  d ( 5 .4 1 )  
. e\\ deep beam coefficient 
( 5 .42)  
I t  houid be not  d that  both the ratio Piland p,/ha e the dimen ion of ( inchr i 
5.3.2.3 Pel legri n o  a n d  Modena (200 2 )  ana lyt ica l  model 
Pel legnno and Modena (2002) employed effect ive train model de eloped by 
Khali fa et aI . '  ( l 99 ) and M i l ler ( 1 999) and added an addit ional reduction factorR* 
\\ hen tran ver e teel r 1l1forcement i pre ent. 
fJ) * df 
CIt = R * cJ" 
( R) leasl of 
0. 5622 * ( PffJ> * E'rp ) l - 1 .2 1  
* 
(P,rl' 
* £,r,, ) + 0.77 
0.006 
if" { 0 0042 * (/. )�3 * l\' } R' * ' em ,. ( * E t'� * * d P'rp "I' £: ,,, 
1 16 
( 5 .43 ) 
( 5 .44 ) 
( 5 .45)  
� 0.5  
( 5 .46) 
o � R"  = -0.53  * In*  p,J + 0.29 � J 
A P = E  * � *A I I ' E j ( 
5.3.2.4 H u et a l .  ( 2003 ) an alyt ica l  model 
( 5 .47) 
( 5 .48)  
H u e t  a l .  ( 2003)  proposed a new reduction factor R for calculating the 
contribut ion of EB-CFRP to shear res istance. The reduction factor used in this model was 
derived ba ed cal ibration of te t data and also bond mechanism. 
r '  = �� ________ fl_)_*_d�/ I 
Ba ed on model cal ibrat ion 
Based on bonding mechanism 
r * L 
R =  rrnx e :::; 1 
2 * flu * tf 
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( 5 .49) 
( 5 .50)  
( 5 .5 1 )  
( 5 .52 )  
5.3.3 'a n n i  et a l .  2004 ana l  't ical  model for M-G F R P  hear  resistance 
The contribution of M-GFRP rebar to shear capaci ty, V/.NSM, can be calculated 
u ing the analyti cal approach propo ed by anni et a ! .  2004, and it is expressed by: 
L = 1 
S, --'-- * i 
co a S Ul a  
S f 1 - --'---J1t". 
T duel (1 -r cot a) 1', = -----"'''---'-- -� 
S f 
� 10 004 ' i = l  . . . . .  -2 
i = - + 1 . . . . . 
2 
( 5 . 53 )  
( 5 .54) 
( 5 . 5 5 )  
( 5 .56)  
d"<1 = ffler Sin a ( 5 . 57 )  
For vert ical SM-GFRP rebars dnet = In / .  The terms N and NI2 in  Equation ( 5 .54)  
sha l l  be rounded off to the smaJ 1est in teger number. The first l imi tation in  Equation ( 5 .54)  
takes into account bond as the control l ing fai lure mechanism. The second l imi tation in  
th is  equation i s  10.004, which takes in to account the shear integri ty of concrete by l imi ting 
the strain in GFRP shear reinforcement to a maximum value of £f max = 4000 �£. For a 
c ircular GFRP rebar 10 004 i s  given by:  
1 = 5 {.max * db * E f 
0.004 4 
( 5 . 58 )  
1 1 8  
For defom1ed GFRP re-bar with epoxy-ba ed re in in a groo e ize at lea t 1 . 5 time the 
rebar diameter, a con ervative a lue of 'b = 6.9 M Pa can be u ed. Repre entat10n of bar 
length a u ed for hear capacity computat ion for vertical M -GFRP rebar and a 
hear crack incl ination of 45° i ho n in  Figure 5 . 1  ( anni et a l .  2004) .  
Bond-contro l led 
fai l u re 
, 5, 5, 5, 5, 5, 5, 
NSM bars 
Figure 5 . 1 :  Representation of NSM-GFRP bar l engths for shear capaci ty computation 
( anni et a l .  2004) 
5.4 Max i m u m  S hear  Resistance 
In RC beams over-strengthened for shear, crushing of web struts can be the 
dominating mode of fai lure. Code provis ions of the maximum shear strength for RC 
beams strengthened in  shear wi th CFRP  are dupl icates of those used in conventional 
concrete codes and standards. These provi sions are overly conservative and include 
hidden safety factors, and hence cannot be used to determine a rea l i st ic value for the 
maximum CFRP shear resi stance, V};mQx. Hence, a unified rat ional approach based on 
stress field analysis has been adopted in the present analytical study for prediction of the 
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rna ' [mum FRP hear re i tance. chematic diagram showing a web crossed by shear 
crack i given in Figure . 2 .  
Figure 5 . 2 :  A schematic d iagram showing a web crossed by shear cracks. 
From equi l ibrium, the maximum shear trengtb of RC beam can be calculated by: 
According to the European Code E 1 992- 1 - 1  ( 2004), the effectiveness factor, v, for 
inc l ined concrete strut where the compression band is intercepted by reinforcement 
running obl iquely to the direct ion of compression is given by: 
V = 0.6( 1 - LJ 
250 
( 5 .60) 
Combining Equations 5 . 59 and 5 .60 and assuming e = 45° and }J = O. 9d, the nominal 
maximum shear strength of a RC beam is given by: 
( 5 .6 1 ) 
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The maximum FRP hear re i tance, VI,lIIa.\, i s  then given by: 
( 5 .62 ) 
For peclmen of Pha e I ,  the term ( V( + V� )e\p wa taken based on group [A] peclmen 
to be 1 0  . , 98 .4, and 92 . KN re pectively to represent no corrosion 8% stirrups 
corr sion, and 1 50 0 t irrup corro ion, respect ively. From that the maximum CFRP shear 
contribution J'j./IIQ\ were calculated to be 72,  82 .4, and 88 KN for control beams with no 
corrosion, 0 0 stirrup corro ion, and 1 5% t irrup corrosion, respectively. For specimens 
of Pha e I I ,  the term ( Vc + Vs)exp was taken as the average hear capacity of specimen U-
and that of pecimens of group [B ]  recorded in  the first t e  t prior to  retrofitting. From 
that the maximum C FRP shear contribution ljllla.t were calculated to be 30 .2  KN.  
5.S Comparative Ana lysis for Specimens of P hase I 
The a l id i ty and accuracy of the anal ytical fOl1J1Ulations presented earlier to 
predict  the EB-CFRP and N SM-GFRP shear re i stance in RC beams with corroded 
t irrup are examined in this section. The international guidel ines and tandards were 
employed to predict the design value of the EB-CFRP shear res istance Vjd. When 
calculating the nominal EB-CFRP shear res istance, Vji" no part ia l  safety factors were 
adopted i n  a l l  ana lytical formulat ions .  Furthermore, the characteristic concrete strength, 
lek' was taken equal to Ie ' . The U-shaped analytical formulas were used to predict the 
CFRP shear contribution for a l l  beams of Phase L 
1 2 1  
5.5. 1 G u ide l ine  / tandard p redict ion for E B-C F R P  shear re istance 
Table 5 . 2  gives guidel inesl tandards predictions for tbe nominal EB-CFRP bear 
re i tance of peclmen of Pha e I con idering no safety factors VJn. It al 0 bows the 
de ign value of the B-CFRP hear resi stance, lid con idering all safety factors 
pre cribed by tbe corre ponding guidel ines/ tandard . It is worth to mention that none of 
the above calculation exceeded the rna imum CFRP shear contribution TJ.l1Iax. The ratios 
between predicted EB-CFRP hear re i tance and the experimental values are given in 
Table  5 . 3 .  The analytical prediction are also p lotted versus the experimental values in 
F igure .3 and 5A .From Table 5 . 3  and F igure 5 . 3  and S A, it can be seen that at 8% 
t irrup corro ion, a l l  guidel ines/standards formu lation were conservative in estimating 
both the nominal and the design E B-CFRP shear resi tance except the fib TG9.3 that 
overestimated the nominal EB-CFRP hear resi stance by 27%. At  1 5% corrosion al l 
guidel ines/standards equations overestimated the nominal and design E B-CFRP shear 
re i stance when one layer of EB-CFRP wa u ed. The highest error was recorded by the 
fib TG 9.3 whereas the l east error was recorded by the H B  305 . When two and three 
layers of E B-CFRP were used at 1 5% corrosion, a l l  guidel ines/standards equations 
tended to 0 erestimate the nominal E B-CFRP hear resi stance except the H B  305 that 
tended to provide a conservative predict ion. H owever, all guide l ines/standards equations 
provided conservative predictions for the design value of the EB-CFRP shear resistance 
when three layers of EB-CFRP were used at 1 5% st i l11.lps corrosion .  I t  is  then 
recommended that these guidel i nes/standards be u ed with caution to estimate the CFRP 
shear contribution of RC beams with a high level of  corrosion . r t  i s  a lso recommended to 
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adopt a higher afety factor when predict ing the contribution of EB-CFRP to hear 
capacity at a high Ie el of t irrup corro ion. 
Table 5 . 2 :  Guideline I tandard predict ion for EB-CFRP shear resi stance ( Phase 1 ) . 
E P Analyti cal R suits ( Vii') ( KN) Analytical Re ults Uj;I) ( KN)  
peClmen A CI f
ib 
C R- HB A CI fib CNR-� I.c'.\p .J40 TG D T200 305 440 TG DT200 
9. 3 9. 3 
C I -EB I 2 1 .6 1 5 .2  27 .4 1 8 . 8  1 5 .4 9 .7  1 6 .9 1 3 . 1  
C2-EB I 7 .2 1 5 .2  27 .4 1 8 . 8  1 5 .4 9 .7  1 6 .9 l 3 . 1  
C2-EB2 1 4.4 25 . 5  37 .2  25 . 1 1 9 . 7  1 6 .3 22 .9 1 7 .4 
C2-EB2R 23 .2  25 .5  37 .2  2 5 . 1 1 9 . 7  1 6.3  22 .9 1 7 .4 
C2-EB3 27 .2  32 .9  44.5 29.4 22 .3  2 1 .0 27 .4 20 .4 
Table 5 .3 :  Comparison between experimental values and guidel ines/standards 
predictions ( Phase I ) .  
Ratio ( VIn / Vi,exp) 
Specimen A CI fib TG CNR-
440 9. 3 D T200 
C I -E B 1  0 .70 1 .27  0 .87 
C2-EB 1 2 . 1 1  3 . 8 1 2 . 6 1  
C2-EB2 1 . 77  2 . 58  1 . 74 
C2-EB2R 1 . 1 0 1 .60 1 .08 
C2-EB3 1 .2 1  1 .64 1 . 08 
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HB A CI 
305 440 
0 .7 1 0.45 
2 . 1 4  1 . 34 
1 . 3 7  1 . 1 3  
0 .85 0.70 
0 .82 0 .77 
Ratio ( �d  / Vf,exp) 
fib TG CNR-
9. 3 D T200 
0.78 0 .6 1 
2 . 35  1 . 82 
1 . 59 1 .2 1  
0 .99 0 .75 
l .0 1  0 .75  
HB 
305 
1 2 .3  
1 2 .3  
1 5 . 7  
1 5 .7 
1 7 .7  
HB 
305 
0 .57  
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Figure 5 .4 :  Guidel ines/standards predictions of VfdVS. Vf,exp for specimens of Phase I 
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5.5.2 Pred ict ion of a n alyt ical  model for E B-C F R P  shear resi tance 
Table 5 .4 gi  e the nominal EB-CFRP hear resi stance for specimen of Phase I 
predicted by the four analytical model publi hed in the l i terature and presented earl ier. 
The ratio betv een predicted EB-C FRP shear re i tances and the e perimental values are 
given in  Table 5 . 5 .  The analytical predictions are al 0 plotted versus the experimental 
\ alue in  Figure 5 . 5 .  From Table 5 . 5  and Figure 5 . 5 ,  i t  can be seen that at 8% stirrups 
cor o ion, a l l  analytical models provided conservative predict ion for the nominal EB­
CFRP hear re i tance. At  1 5�o corrosion a l l  analytical models overest imated the nominal 
EB-CFRP hear res istance when one layer of E B-CFRP was used. The h ighest enor was 
recorded b H u et al 2003 analytical model whereas the least enor was recorded by 
Chaallal 2002. When two and three layers of EB-CFRP were used at 1 5% corrosion, all 
analyt ical model provided reasonable predict ions for the nominal EB-CFRP shear 
re i stance except the model by Khal ifa and Nanni 2000 that tended to overestimate the 
nominal E B-CFRP shear resi stance. I t  should be noted that the R * factor introduced by 
Pel legrino & Modena 2002 resulted in non-reasonable prediction for the nominal EB-CFRP 
hear re  i tance. I n  fact i t  gave negative values when one layer of EB-CFRP was used. 
Accordingly, Pel legrino & Modena 2002 model shal l  not be general ized to estimate the 
CFRP shear contribution of RC girders with internal st irrups. Only results of this model 
considering R * = 1 were included in Figure 5 . 5 .  
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Table � .4 :  Predict ion of  analytical m del for nominal EB-CFRP hear resi tance ( Phase n.  
Exp Analytical Re ults U'{I,) ( kN) 
Pel legrino & Modena 2002 
peclmen Khalifa Chaallal � '"l\P Ignoring R*  e t  a l .  
Hsu  e t  a l  
Ianni 2000 Can idering R * 
( i .e .  R*  = 1 )  2002 
C I -E B 1  2 1 .6 1 4 .7  N.A .  1 l . 2 9.9 
C2-EB I 7 .2 1 4 . 7  N.A.  1 1 . 2 9.9 
C2-EB2 1 4.4 32 . l 0.7 1 9 .6 2 1 . 5 
C2-EB2R 23 .2  32 . 1 0.7 1 9 .6 2 1 . 5 
C�-EB3 27 .2 32 .9  6.4 25 . 5  34.4 
Table 5 . 5 :  Compari on between experimental alues and predictions of analytical 
model s  ( Pha e I ) .  
Ratio ( Tfi/Vf,exp) 
2003 
1 8 .9 
1 8 .9  
22 .5  
22 .5  
25 .0 
Specimen Khal i fa 
Pel legrino & Modena 2002 
Chaal la l  Hsu et a l  
Ignoring R*  & anni 2000 Considering R * 2002 
( i .e .  R*  = 1 )  
2003 
C 1 -E B I 0 .68 N .A .  0 .52  0.46 0 .88 
C2-E B I 2 .04 N .A .  l .56  1 . 38  2 .63 
C2-EB2 2 .23 0 .05 l . 36 1 .49 l . 5 7  
C2-EB2R 1 .39 0 .03 0 .84 0.93 0.97 
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Figure 5 , 5 :  Analytical model predictions of V/i,vs .  Vjexp for specimens of Phase 1. 
5.5.3 N a n n i  et a l . ( 2004) analyt ical  p redict ion for NSM-G F R P  shear resi s tance 
A comparison between the nominal NSM -GFRP shear resistances predicted by 
anni et a 1 .  ( 2004) analyt ical  model and the experimental alues is presented in Table 5 .6  
and p lotted in  F igure 5 . 6 .  At the  lower t i rrups corrosion of  8%, the  analytical approach 
by Nanni et a 1 .  (2004) gave satisfactory prediction for the contribution of NSM-GFRP 
y tern to shear capaci ty. At  the higher st irrups corrosion of 1 5%, the analytical approach 
tended to overestimate the NSM-G F RP P  shear resi stance. This was less significant in the 
corroded pecimens strengthened with the h igher NSM-GFRP reinforcement ratio. On 
the contrary, sign ificant increase in the predicted SM-GFRP shear resistance over the 
experimental value was recorded for specimen C2- SM 1 with the lowest NSM-GFRP 
shear reinforcement ratio .  Th i s  can be attributed to the  early spa l l ing and separation of 
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concrete cover that cau ed premature fai lure of the trengthening system. It i therefore 
recommended to adopt a higher safety factor when predicting the contribution of SM-
GFRP to  hear capacity of RC b am with a low 
and a h igh level of t i rrup corro ion 
M-GFRP hear reinforcement ratio 
Table 5 .6 :  Analytical and experimental values of SM-GFRP shear resi tance. 
SM-GFRP shear resistance Rat io 
peClmen Experimental 
Analyt ical  
Vrexp ( anni et a1 . ( 2004) VjnlVf,exp ViiI ( kN )  
( kN)  
C I -NSM I 1 5 .2  1 3 .3  0 .88 
C2- S M I 6 .4 1 3 .3  2 . 1 
C2- SM2 1 9 . 2  26.6 1 . 3 8  
C2- SM2R 20.8 26.6 l .27  
30 
• Experimental 
Z 25 • Analytical � 
-:>-
(])-u 20 c ro Vi 'en � 
ro 1 5  (]) ..c en 
a... 0::: LL 






C 1 -NSM1 C2-NSM1 C2-NSM2 C2-NSM2R 
Figure 5 .6 :Analytical and experimental values of NSM-GFRP shear resi stance. 
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5.6 Compa rative na ly i for pecimen of Pha e I I  
The validity and accuracy of the analytical formulation presented earl ier to 
predict the EB-CFRP hear re i tance in RC beams pre-damaged in shear are examined 
in thi section. The intemational guidel ine and tandard were employed to predict the 
de ign value of the E B-CFRP shear resi tance Vfd. When calculating the nominal EB-
FRP hear re i tance, Vjil > no partial afety factors were adopted in al l  analytical 
fom1Ulat iol1 . Furthermore, the characteri stic concrete strength, .fck' was taken equal to j� ' .  
Only vertical C FRP sheets with fiber oriented in a direction perpendicular to 
longitudinal axi of the beam were considered in the analysis .  The U - haped analytical 
fOffi1ula were u ed to predict  the CFRP shear contribution for all beams except beams D­
EB 1 -TB and O-EB2-TB where the ful l -wraps analyt ical formulas were adopted. This is 
becau e the e beams did not exhibit CFRP debonding/detachment mode of fai lure. 
5.6. 1 Gu idel ines/standards p redict ions for E B-C F R P  shear  res istance 
Table 5 .7 give guidel ines/standards predictions for the nominal E B-CFRP shear 
re i stance for specimens of Phase I I  considering no safety factors, Vj, . I t  also shows the 
design values of the E B-CFFP shear resistance, Vfd considering all safety factor a 
speci fied by the corresponding guidelines/standards. The ratios behveen predicted EB­
CFRP shear resi stance and the  experimental values are given in  Table 5 .8 .  The 
analyt ical predictions are also plotted versus the experimental values in  Figures 5 . 7  and 
5 . 8 .  
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Table 5 . 7 :  guidel ine I tandard prediction for EB-CFRP hear re i tance ( Phase I I) .  
Exp Analytical R ults ( Vji,) ( KN)  Analytical Re  ults ( Vfd) ( KN) 
peclmen ACI f
ib CNR- HB AC I fib C R-l't;e,p TG TG 440 
9 .3 
OT200 305 440 
9 .3 
OT200 
U-E B I  1 5 .2 1 1 . 1  23 .0  1 5 . 1  1 3 .3  7 . 1 1 4 .2  1 0 .5  
U-EB2 1 3 .2  1 8 .6 3 l .2 1 9 .9 1 6 .7  1 1 .9 1 9 .2  1 3 . 8  
O-EB I -PAF 24 . 1  1 l . 1  23 .0  1 5 . 1  1 3 .3  7 . 1 1 4 .2  1 0 . 5  
O-EB2-PAF 23 .4 1 8 .6 3 l .2 1 9 .9 1 6 . 7  1 1 .9 1 9 .2  1 3 . 8  
O-EB I -TB 45 .2  1 7 .4 3 1 .4 1 7 .9 25 . 7  1 2 .4 20.9 1 3 .4 
O-EB2-TB 37 .2  34.9 53 . 5  26 .8 5 1 .4 24.9 35 .7  1 9 .9 
Table 5 . 8 :  Compari son between experimental values and guide l ines/standardss 
prediction ( Phase I I ) .  
Ratio ( V{11 I Vf,exp) Ratio ( Vfd I l't;etp) 
peC l ll1en ACI  fib TG C R- H B  AC I fib TG CNR-
440 9 .3 OT200 305 440 9 .3 OT200 
U-EB I 0 .73 1 . 5 1  0 .99 0 .88  0.47 0 .93 0 .69 
U-EB2 1 .4 1  2 .36 1 . 5 1  1 . 27 0 .90 1 .46 1 .05 
O-E B I -PAF 0.46 0.95 0.63 0 .55  0 .29 0 .59 0.44 
O-EB2-PAF 0.80 1 .33  0 .85  0 .7 1 0 .5 1 0 .82 0 .59 
D-EB I -TB 0.39 0 .69 0 .40 0 .57  0 .27 0 .46 0 .30 
O-EB2-TB 0.94 1 .44 0 .72 1 . 3 8  0.67 0.96 0 .53  
H B  
305 
1 0 .6 
1 3 .7  
1 0 .6 
1 3 . 7  
20.6 
4 1 . 1  







l . 1 0  
From Table 5 . 8  and Figures 5 . 7  and 5 . 8 , i t  can be seen that the ACI 440.2R and 
C R-OT200 guide l ines provided conservative predictions of CFRP nominal shear 
resistance for a l l  test specimens expect specimen U-EB2 that was strengthened with two 
layers of EB-CFRP without end anchorage. The CFRP nominal shear resistance predicted 
by the ACI  440.2R and the C R-OT200 guidel ines were 4 1  % and 5 1  % higher than the 
experimental value recorded for specimen U-EB2,  respectively. The fib TG 9.3 
guidel ines overest imated the CFRP nominal shear resistance for a l l  test specimens except 
specimens O-EB 1 -PAF and O-E B I -TB that were strengthened with one layer of EB-
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FRP with P+PAF and C P+TB mechanical end anchorage y terns, re pectively. 
The HB 305 Au tral ian tandard provided con ervative prediction for the CFRP nominal 
hear re i tance for a l l  te t pecimen e cept specimens U-EB2 and D-E B2-TB that were 
trengthened with two layers of E B-CFRP sheets without end anchorage and with 
CP+TB end anchorage, re pecti e ly. However, it should be noted that i f  the maximum 
CFRP hear re i tance predicted by  Equation 5 .62 ( V(.IIIQX= 30 .2  kN) had been considered 
the fib TG 9 .3  guidel ine and the H B  305 Austral ian standards would have provided a 
con ervative prediction for the CFRP nominal shear resi stance of specimen O-EB2-TB 
that was strengthened with two layers of CFRP in  combination with SCP+TB mechanical 
end anchorage system. When safety factors were adopted as specified by the 
corre ponding guidel ines/standards, a l l  guidel ines/standards formulas provided 
conservative predictions for the EB-CFRP design hear resi stance except the fib TG 9.3 
that overestimated the E B-CFRP de ign shear resi tance of specimen U-EB2 by 46%. 
H ence, it i recommended to adopt a h igher safety factor when predicting the shear 
capaci ty of RC girder strengthened with h igh amount of CFRP sheet without end 
anchorage. Crushing of concrete struts can l imi t  the gain in shear resistance provided by 
EB-CFRP despite the use of proper end anchorage. It is a lso recommended to ensure that 
the hear capaci ty of the strengthened girders does not exceeded the maximum shear 
strength l imits calculated based on crushing of diagonal concrete struts shear mode of 
fai l ure . Fu l l  wraps design equations can be used successful ly  to provide a conservative 
estimate for the CFRP hear contribution to shear capacity for RC girders strengthened 
with EB-CFRP in combination wi th SCP+ TB end anchorage system. 
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Figure 5 .8 :  Guidel ines/standards predictions of VfdVS. Vjexp for specimens of Phase I I .  
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5.6.2 Pred ict ion of an al.  t ica l  model for E B-C F R P  shear re istance 
Table 5 .9give the nominal EB-CFRP shear resistance for pecimen of Phase 1 1  
predicted by the four ana lytical model publ i  hed in the l i terature and pre en ted earl ier. 
The ratio bet\ een predicted E B-CFRP hear re i tance and the experimental values are 
given in Table 5 .  J O. The analytical predict ion are also plotted ersus the e perimental 
a lue in  Figure 5 .9 .  From Table 5 . 1 0  and F igure 5 .9  it can be seen that all analyt i cal 
model provided con ervative prediction for the EB-CFRP nominal shear for all test 
specimen except pecimen U-EB2 that were strengthened with two layer of EB-CFRP 
heet without mechanical end anchorage. I t  should be noted a lso that Chaal lal e t  a l .  2002 
and H u et a1. 2003 analytical model were not capable of evaluating the E B-CFRP shear 
re i tance in the case of ful l  wrapping configurat ion. I t  should be also noted that Chaal lal 
et a 1 .  ( 2002) did not take the effect of Ic ' in his model which could be considered as a 
deficiency. Also, the R * factor i ntroduced by Pel legrino & Modena 2002 re u lted in 11011-
rea onable prediction for the nominal EB-CFRP shear resi stance. In fact it gave negative 
value when one layer of EB-CFRP was used. This indicates that the R * factor 
i ntroduced by Pel legrino & Modena 2002 cannot be general ized. Accordingly, only results of 
this model con idering R * = 1 were included in  F igure 5 .9 .  
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Table 5 .9 :  Predict ion of ana lytical model for nominal EB-CFRP bear re i stance ( Phase I I ) . 
E 'p Analytical Re ul t  ( /0,,) ( kN)  
pec lmcn Khal ifa 
Pel legrino & Modena 2002 Chaallal 
Hsu et filLIP & Ianni 2000 Considering R * Ignoring R* et al . a l 2003 
( i .e . R* = I )  2002 
U-EB I 1 5 .2 1 0 . 7  . A .  8 . 2  9 . 9  1 3 . 3  
U-EB2 1 3 .2 23 . 5  0 . 5  1 4 . 2  2 1 . 5 1 5 .9 
D-EB I -PAF 24. 1 1 0. 7  .A .  8 .2  9 .9  1 3 .3 
D-EB2-PAF 23 .4 23 . 5  0 . 5  1 4 . 2  2 1 . 5 1 5 .9 
D-EB I -TB 45.2 20 .5 N .A .  1 5 .7 N.A.  N .A .  
D-EB2-TB 3 7. 2  34 . 5  0 . 8  2 1 .0 .A .  .A.  
Table 5 . 1 0 : Compari son between expelimental values and predictions of analytical 
models ( Pha e I I) .  
Ratio ( V1i/ Vfe¥p) 
Specimen Kbal i fa 
Pel legrino & Modena 2002 
Chaal l alet Hsu et 
Considering Ignoring R* & anni 2000 al. 2002 al 2003 
R* ( i .e .  R* = 1 ) 
U-E B I 0 .70 .A.  0 .54 0.65 0.88 
U-EB2 1 .78 0 .04 1 .08 1 .63 1 .20 
D-E B I -PAF 0.44 N .A .  0 .34 0 .4 1 0 . 55  
D-EB2-PAF 1 . 00 0 .02 0 .6 1 0.92 0.68 
O-EB I -TB 0.45 N .A .  0 . 35  N .A.  N .A.  
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C H A PT E R  6 :  CONCLUSIONS & RECOM MENDATIONS 
6. 1 Re earch u mm a ry and Conc lu  ions 
The pre ent  re earch work was can·jed out to examine the effectiveness of anou 
FRP trengthening terns to impro e the structural perfom1ance and upgrade the shear 
capacity of RC beam pre-damaged in hear. The tudy included both experimental and 
analyt ical  works. The experimental phase wa implemented over two phases. This 
chapter summarize the main outcomes and research finding of the present work. 
Recommendation for future re earch tudies related to the topic of this thesi are a lso 
provided. 
In phase I ,  1 2  concrete T -beams with conoded stimlps strengthened in  shear with 
external l y-bonded carbon fiber reinforced polymer ( FRP)  sheets and near-surface 
mounted glass FRP rebar were tested. Test specimens of this phase were sUbjected to 25 
days and 50 days of conosion exposure that cones ponded to 8% and 1 5% measured 
stirrups cross ection loses respectively. fol lowing corrosion, the specimens were 
trengthened in shear wi th ei ther external ly-bonded carbon fiber reinforced polymer 
sheets ( EB-CF RP)  system or near surface mounted glass fiber reinforced (NSM-GFRP) 
system. Test parameters examined included level of conosion damage in  st imlps; shear 
trengthening system;  and FRP shear reinforcement ratio. The main outcomes of 
experimental Phase I are high l igh ted in the fol lowing points: 
• The reduction in  shear capaci ty caused by conOSlOn of stirrups was found 
propOli ional to the reduction in the stinups cross section area where 8% and 1 5% 
reduction in the st inups cross section resul ts in 1 0% and 1 5% reduction in  the 
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hear capacity, re pecti ely. The beam ti ffne s wa not affected by corro ion of 
ti lTUp . 
• EB- FRP and M-GFRP hear trengthening y terns were effective in  
improving the hear capacity of concrete T-beams with corroded st inups. The 
ffecti\'enes of both sy terns decrea ed with increa ed level of corro ion in 
st i rTUp . The gain in hear capaci ty increased with increased number of CFRP 
layer or  reduced spacing between SM-GFRP rebars. 
• Comparable gains in shear capacity would be obtained i f  EB-CFRP and SM­
GFRP ystems having a s imi lar F RP shear reinforcement index, EJAlbl1 1> were 
u ed. More experimental evidences are needed to confirm this finding. 
• At the lower st inups corrosion of 8% both shear sh-engthening systems with the 
lower amount of FRP restored the shear capacity of the corroded beams .  One 
sheet of EB-C FRP s trengthening system re ul ted in  22% gain in hear capacity. 
NSM-GFRP strengthening system, with a spacing of sJ = 1 20 mm, recorded 1 5% 
gain in  shear strength . 
• At the h igher st inups corrosion of 1 5%, only the higher amounts of FRP shear 
reinforcement in both systems could restore the shear capacity of the corroded 
beams. Two and three layers of E B-CFRP increased the shear capacity of the 
corroded beams by about 20% and 29%, respectively. S imi larly, decreasing the 
spacing between the NSM-GFRP rebar from 1 20 mm to 60 mm increased the 
gain in shear capaci ty from 7% to 22%. 
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In Pha e I I ,  the effecti ene of using ' temal ly-bonded carbon fiber reinforced 
polym r ( E 8- FRP) y tern with mechanical end anchorage to retrofit severely sbear­
damaged reinforced concrete ( RC)  beam with low compres ive strength wa e amined. 
A total of 1 4  te t were perfOlmed on eight RC beams with a T - haped ection. To 
repre ent a evere damage condi t ion, five beam were tested to fai lure, repaired and/or 
trengthened then retested to fai lure for a second time. Te t parameters included the 
pre ence of damage, number of EB-CFRP layer , and type of end anchorage system. The 
main outcome of experimental Pha e I I  are h igh l ighted in  the fol lowing point : 
• Experimental resul t  of Phase I I  demonstrated that retrofitting of severely  shear­
damaged RC girders wi th EB-CFRP composites and proper mechanical end 
anchorage can ful ly  restore the original hear capacity of the beams. The shear 
capacity of the pre-damaged beams after retrofitt ing with EB-CFRP and 
mechanical end anchorage was even h igher than the original shear capacity of the 
beam recorded at the first hear fai lure. 
• Strengthening of undamaged RC beam with one layer of EB-CFRP system 
without end anchorage resu l ted in about 1 2% increase in shear capaci ty. The use 
of epoxy-patch repair solely can restored about 90% of the original beam shear 
capacity. 
• The use of a sandwich composite panel (SCP)  in  combination with a thru-bol t  
(TB) as an end anchorage system was more effective than using the panel with 
powder-actuated fasteners ( PAF) .  For the pre-damaged beams retrofitted with 
EB-CFRP system mechanical ly anchored with SCP+PAF the shear resi stance 
increased by about 1 6 . 5% relative to the original shear capaci ty recorded in the 
138 
fir t shear fai lure. The hear capacity of the beam retrofitted with EB-CFRP 
y tern mechanical ly anchored with S P+TB wa about 30% to 45% higher than 
the original hear capacity of the beam recorded at the fir t shear fai lure. This i 
becau e the use of C P+PAF end anchorage y tern delayed detachment of the 
EB-CFRP strengthening y tern whereas the use of SCP+TB prevented 
detachment of the E B-CFRP and al lowed the beam to develop i ts ful l  shear 
capacity by fai lure of concrete truts. 
• I ncrea ing the number of EB-CFRP layers did not resul t  in additional gain in 
hear capacity regardless of the presence of mechanical end anchorage. 
Premature debonding of EB-CFRP can prevent the beams with high amount of 
EB-CFRP to reach an additional gain in  shear resistance. The crushing of low 
strength concrete struts can also l imi t  the gain in shear resi stance provided by the 
EB-CFRP despi te using a proper and effective end anchorage sy tern. 
I n  the analytical study, the accuracy of four different international 
guidelines/standards namely; the American ACI  440.2R (2008 ), European fib TG 9 .3  
(200 1 ), I ta l ian C IR-DT200 ( 2004), and Austral ian HB 305 ( 2008), were demonstrated 
by comparing their predictions to the experimental resul ts .  The val idi ty of other 
analytical models publ ished in the l i terature to predict the contribut ion of external 
composi te reinforcement to shear resi stance was also examined. The main outcomes of 
the analytical i nvest igati on are h igh l ighted in  the fol lowing points: 
• Al l  analytical approaches by the international guide l ines/standards investigated 
in this study provided conservative predictions for both the nominal and the 
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de ign EB-CFRP hear res i  tance at 8% t imlps COHO ion except tbe fib TG 9.3 
that 0 ere t imated the nominal EB-CFRP hear res istance by 27%. 
• t 1 5 0 0 corro ion, analyt ical approache by the international guideline /standards 
o ere t imated the nominal and design EB-CFRP shear resi tances when one 
layer of EB-CFRP wa used. The h ighe t error was recorded by the fib TG 9 .3 
where a the least error was recorded by the H B  305 .  When two and three layers 
of EB-CFRP were u ed at 1 5% corrosion, al l  guidel ines/standards equations 
tended to overe t imate the nominal E B-CFRP shear res istance except the HB 305 
that tended to provide a conservative prediction. However, a l l  
guidel ines/ tandards equation provided con ervative predictions for the design 
value of the E B-CFRP shear resi stance when three layers of EB-CFRP were used 
at 1 - 0 0 stirrups corro ion. 
• At 80'0 t irrups corrosion, a l l  analyt ical  models published in the l i terature by 
i ndependent researcher investigated in this s tudy provided conservative 
prediction for the nominal EB-CFRP shear res istance. At  1 5% corrosion a l l  
ana lytical models  overest imated the nominal EB-CFRP shear res istance when 
one l ayer of E B-CFRP was used. The h ighest error was recorded by Hsu et al 
( 2003 ) anal yt ical model whereas the least error was recorded by Chaa l lal et a 1 .  
( 2002). When two and three l ayers of EB-CFRP were u ed at 1 5% corrosion, a l l  
analytical model s  provided reasonable predictions for the nominal E B-CFRP 
shear resi stance except the model by Kha l ifa and Nanni 2000 that tended to 
overestimate the nominal  EB-CFRP shear resi stance. It should be noted that the 
R * factor introduced by Pel l egrino & Modena ( 2002 ) re u l ted in non-rea onable 
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predIct ion for the nominal EB-CFRP shear re i tance. In fact i t  gave negative 
value \ ben one layer of E B- FRP wa u ed. 
• t the low r t iffilp corro ion of 8%, the analytical approach by anni et a ! .  
(2004) gave sati factory prediction for the contribution of SM-GFRP system to 
hear capacity. t the higher t inLlps C01Tosion of 1 5%, the analyt ical approach 
tended to 0 ere t imate the rSM-GFRPP shear resi tance. Th i  was less 
ign ificant in  the cOlToded specimens strengthened with the higher NSM-GFRP 
reinforcement ratio. On the contrary s ignificant increase in  the predicted SM­
GFRP hear resi stance over the expelimental value was recorded for specimen 
C2- M l  wi th the lowest N M-GFRP shear reinforcement rat io .  
• I t  i s  recommended to adopt a higher safety factor when predicting the CFRP 
contribution to  hear capacity of RC girders with high levels of st inLlps cOlTosion 
e pecia l ly when mal l  amount of CFRP sheets is used. 
• The analytical inve t igation demon trated that a l l  intemational 
guidel i nes/standards examined in  this study provided a non-conservative 
predict ion for the nominal CFRP shear resi tance of specimens of Phase I I  when 
t\vo layers of EB-CFRP were used wi thout end anchorage. The least error was 
recorded by the H B  305 Austra l ian standards whereas the h ighest was recorded 
by the fib TG 9 .3  guidel ines. When one layer of EB-CFRP was used without end 
anchorage, a l l  guidel ines/standards provided conservative prediction for the 
CFRP shear resi stance except the fib TG 9.3 that overestimated the CFRP shear 
res istance by about 50%. 
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• All  guidel ine / tandard pro ided con ervative prediction for the CFRP hear 
re i tance when one layer of EB-CFRP was used in combination with a proper 
end anchorage. For the beam strengthened with two layer of EB-CFRP in 
combination with C P+PAF end anchorage system, a l l  gu idel ines/standards 
e cept the fib TG 9.3 provided conservative prediction for the nominal CFRP 
hear res i  tance. For the beam \ i th t\vo layers of EB-CFRP in conjunction with 
SCP+TB end anchorage system, the AC1 440 .2R and the CNR-DT200 guidel ines 
provided conservative prediction for the nominal CFRP shear resistance whereas 
the lib TG 9.3 and H B  305 0 erestimated the CFRP shear contribution. I f  the 
maximum CFRP shear re i stance, V/,I/IGX' had been con idered, the fib TG 9.3 and 
H B  305 would have also provided a conservative prediction for the CFRP shear 
re i tance of the beams strengthened wi th two layers of EB-CFRP in 
combination with SCP+ TB mechanical end anchorage system. 
• I t  is recommended to adopt a higher safety factor when predicting the CFRP 
contribution to shear capacity of RC girders strengthened with high amount of 
EB-CFRP sheet without end anchorage. 
• I t  i recommended to ensure that the shear capacity of CFRP shear-strengthened 
girder does not exceeded the maximum shear strength l imi t  calculated based on 
crushing of diagonal concrete strut shear mode of fai lure. 
• Ful l  wraps design equations can be used successful ly to provide a conservat ive 
estimate for the EB-CFRP contribution to shear capacity of RC girders 
strengthened wi th EB-CFRP in combination wi th SCP+TB end anchorage 
system. 
142 
6.2 Recom mendat ion for Fut u re Work 
The data pre ented in th i s  thesis provide in igbts into the effect ivenes of using EB-
FRP and M-GFRP tem to upgrade the bear capacity of RC beams pre-damaged 
111 hear. Further tudie  are required to support de elopment of standards and design 
guidel ine on the ubject .  The fol lowing are recommendation for future tudies in this 
area: 
• Study the effect of pre ence of different l evels of pre-cracking and/or impact 
damage prior to strengtheninglretrofitt ing on tbe effectiveness of FRP shear 
trengthening ystem. 
• The viabi l i ty of using d ifferent types of end anchorage systems to improve 
the effectivene s of FRP shear strengthening should be further i nvestigated. 
• The i nteractions between tran verse steel reinforcement, longitudinal 
reinforcement, shear span to depth ratio, degree of con·osion and FRP shear 
reinforcement require further investigation. 
• Study of the size effect of test specimens on the effectiveness of FRP shear 
strengthening system. 
• More comprehensive evaluation of further analytical models  that take into 
consideration the non-unifOlm FRP strain distribution. 
• Study of the performance of different FRP shear strengthening systems under 
repeated or fat igue loading. 
• Study the long-term performance of different FRP shear strengthening 
systems under sustained loading should be invest igated. The perfOlmance 
under harsh environmental condit ions should a lso be studied. 
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• l ove tigate the economical impact and l ife cycle cost of various composite 
hear strengthening y tem . 
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Figure A .2 l :  Load vs. flexure strain curves for specimen C2- SM2 
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. 2  pec i men of Pha e I I  
A.2 . l Load ver u t i rrup  Stra in  Cu rve 
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Figure A.24 :  Load s. St ilTUPS strain curves for specimenU-EB2 
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Figure A .28 :  Load vs.  st irrups strain curves for specimenD-EB 1 -TB 
Figure A .29 :  Load vs.  stirrups strain curves for specirnenD-EB2-TB 
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A.2.2 Load ver u E B- F R P  tra in  C u r  e 
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Figure A .3 S :  Load vs. CFRP strain curve for specimen D-EB2-TB 
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Figure A .42 :  Load VS. flexure strain curves for D-EB2-TB 
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